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Abstract 27 
Chlorophyll breakdown is one of the most obvious signs of leaf senescence and fruit ripening. 28 
The resulting yellowing of leaves can be observed every autumn, and the color change of 29 
fruits indicates their ripening state. During these processes, chlorophyll is broken down in a 30 
multistep pathway, now termed ‘PAO/phyllobilin’ pathway, acknowledging the core 31 
enzymatic breakdown step catalyzed by pheophorbide a oxygenase. It determines the basic 32 
linear tetrapyrrole structure of the products of breakdown that are now called ‘phyllobilins’. 33 
This review provides an update on the PAO/phyllobilin pathway, thereby focusing on recent 34 
biochemical and molecular progresses in understanding phyllobilin modifying reactions as the 35 
basis for phyllobilin diversity, on evolutionary diversity of the pathway, and on transcriptional 36 
regulation of pathway genes.  37 
 38 
 39 
Introduction 40 
During green organ senescence/maturation as well as during fruit ripening, efficient 41 
chlorophyll (Chl) breakdown causes rapid degreening, and consequently unmasks the 42 
existence of yellow carotenoids and splendidly highlights the synthesis of diverse anthocyans 43 
during the late growing season. Coordinated Chl breakdown is an integral process of 44 
senescence/maturation that is developmentally programmed to facilitate the dynamic 45 
remobilization of nutrients from senescent organs/tissues to growing organs, 46 
reproductive/storage organs in particular (Lim et al., 2007). It has been shown that 47 
chloroplasts contain up to 75% of the nitrogen in photosynthetic tissues, with Rubisco 48 
accounting for 20-30% of total leaf nitrogen (Makino and Osmond, 1991; Peoples and Dalling, 49 
1988), and up to 95% of seed proteins is synthesized from amino acids derived from the 50 
degradation of existing proteins in leaves (Taylor et al., 2010). It is vital, on one hand, to 51 
abolish the phototoxicity of free Chl molecules that are uncoupled from light-harvesting Chl-52 
binding complex proteins (LHCs) of the thylakoids in order to maintain cell viability to allow 53 
for an efficient remobilization of nutrients in senescent organs/tissues. On the other hand, Chl 54 
breakdown has been repeatedly shown to be a prerequisite for the degradation of LHCs in 55 
senescent leaves and as such important for accessing this second largest pool of chloroplast 56 
nitrogen (Feller et al., 2008; Hörtensteiner and Feller, 2002; Wu et al., 2016). In addition, by-57 
products of Chl degradation are re-used for biosynthetic purposes (Christ and Hörtensteiner, 58 
2014); particularly phytol, which is salvaged into tocopherol during leaf senescence (vom 59 
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Dorp et al., 2015). 60 
The biochemical pathway of Chl breakdown, the so-called ‘PAO/phyllobilin pathway’ (Christ 61 
and Hörtensteiner, 2014; Kräutler and Hörtensteiner, 2014), has been almost completely 62 
revealed based on the characterized enzymes responsible for catalyzing Chl degradation, 63 
particularly with the recent demonstration that NONYELLOWING (NYE) proteins, also 64 
termed STAY-GREEN (SGR) possess Mg-dechelatase activity (Shimoda et al., 2016) (Figure 65 
1). The pathway involves two distinct phases: the early phase deals with the degradation of 66 
phototoxic free Chl molecules and their intermediates at the thylakoid membrane within the 67 
chloroplast, and the late phase is responsible for modifications of colorless Chl catabolites and 68 
their translocation from the chloroplast to the vacuole. Recently, new insight has been 69 
obtained on the topology of Chl degradation within the chloroplast as well as on cytosolic 70 
modifications of colorless catabolites. Although Chl breakdown can be initiated in various 71 
tissues under diverse scenarios, e.g. upon pathogen infection (Mur et al., 2010) and under 72 
abiotic stresses (Munné-Bosch and Alegre, 2004), massive Chl breakdown occurs mainly in 73 
senescent leaves. By taking advantage of the well-characterized Chl catabolic genes (CCGs), 74 
the molecular regulation of Chl breakdown was explored during the past few years, and some 75 
of the transcriptional regulatory mechanisms have been revealed in Arabidopsis (Arabidopsis 76 
thaliana) (Figure 2) as well as in other species (Chen et al., 2017; Delmas et al., 2013; Gao et 77 
al., 2016; Li et al., 2016; Liang et al., 2014; Oda-Yamamizo et al., 2016; Qiu et al., 2015; 78 
Sakuraba et al., 2016; Sakuraba et al., 2014a; Song et al., 2014; Yin et al., 2016; Zhang et al., 79 
2015; Zhu et al., 2015). This review aims to provide an updated summary of progresses in the 80 
elucidation of the PAO/phyllobilin pathway and its transcriptional regulation, and to discuss 81 
the significance of these progresses as well as remaining lack of knowledge that demands 82 
further investigations. 83 
 84 
 85 
The PAO/phyllobilin pathway of chlorophyll breakdown 86 
Until more than 25 years ago, the fate of Chl during senescence was enigmatic (Hendry et al., 87 
1987). Thus, the identification of compounds that likely derived from Chl and that 88 
accumulated in a senescing variety of Festuca pratensis, but were absent from a respective 89 
stay-green variety, marked an important breakthrough in the field (Matile et al., 1987). In 90 
1991, Hv-NCC-1 isolated from senescent barley (Hordeum vulgare) leaves was structurally 91 
characterized as the first catabolite of Chl that accumulates in the vacuoles of senescing cells 92 
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and can be considered as an ultimate product of degradation (Kräutler et al., 1991). This 93 
important step fostered the research on Chl breakdown and has led to the identification of 94 
currently over 40 breakdown products of Chl from more than 20 plant species that possess the 95 
basic common structure of a Chl a-derived linear tetrapyrrole, but differ from each other in 96 
terms of characteristic side chain modifications and/or stereoisomeric properties. Collectively 97 
these catabolites are now termed phyllobilins (Kräutler, 2014). 98 
 99 
Chlorophyll is converted to phyllobilins 100 
Phyllobilins can be categorized into two different groups (Kräutler, 2014, 2016). Type I 101 
phyllobilins are the historically first identified nonfluorescent Chl catabolites (NCCs) that 102 
structurally are 1-formyl, 19-oxobilins (see Figure 1, for atom and pyrrole ring numbering of 103 
phyllobilins), while the only recently discovered type II phyllobilins are 1,19-dioxobilins 104 
(Müller et al., 2011), now termed dioxobilin-type nonfluorescent Chl catabolites (DNCCs). 105 
Interestingly, the later are similar to biliverdin, the first product of heme degradation, in which 106 
the ‘northern’ meso carbon is lost as CO during the heme oxygenase-catalyzed porphyrin ring 107 
opening reaction (Unno et al., 2007). In NCCs and DNCCs, all three remaining methine 108 
bridges between the pyrrole rings that remain after porphyrin ring opening are fully reduced, 109 
leaving behind a linear tetrapyrrole backbone with an unconjugated electron system. The 110 
nonfluorescent NCCs and DNCCs are derived from fluorescent precursors, termed FCCs and 111 
DFCCs, respectively, that are isomerized to the nonfluorescent end products by acid-catalyzed 112 
tautomerization at pyrrole ring C, the isocyclic ring E and the ‘southern’-meso position. This 113 
isomerization was shown to be driven by an intramolecular protonation step involving the 114 
C12 propionic acid side chain (Oberhuber et al., 2003) and to occur in a pH-dependent 115 
manner (Christ et al., 2012) inside the acidic vacuolar sap, the final storage place of the 116 
phyllobilins (Hinder et al., 1996; Matile et al., 1988). As mentioned above, DNCCs and 117 
NCCs possess characteristic side chain modifications at different peripheral positions. So far, 118 
the following functionalizations have been described: (i) hydroxylation at C32 that can be 119 
followed by glycosylation and/or malonylation (R1 in Figure 1), (ii) demethylation at O84 (R2), 120 
(iii) dihydroxylation of the C18 vinyl group, that can be followed by glucosylation (R3), and 121 
(iv) hydroxymethylation at either C2 or C4 (R4). It was been assumed that these modifications 122 
are introduced in the fluorescent FCC and/or DFCC precursors before their import into the 123 
vacuole and subsequent isomerization to NCCs and DNCCs.  124 
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Interestingly, in a few plant species, i.e. banana (Musa acuminata) and Spathiphyllum wallisii, 125 
so-called hypermodified FCCs (hmFCCs) were identified that persist in senescent leaves or 126 
fruits and are not isomerized to the respective NCCs (Kräutler, 2014, 2016). This has been 127 
rationalized by functionalization of the C12 propionic acid with different moieties (R5 in 128 
Figure 1) such as daucyl, glucosyl, digalactosyl-glyceryl or glucosyl-(dihydroxyphenyl) ethyl, 129 
which dramatically slows down FCC-to-NCC isomerization (Oberhuber et al., 2008). 130 
Nevertheless, a few NCCs with a conjugated C12 propionic acid side chain have been 131 
described (Moser et al., 2012). Among them is a bicycloglycosidic NCC from Ulmus glabra 132 
in which a glucose moiety intramolecularly connects C32 with C123 (Scherl et al., 2016).  133 
Apart from these type I and type II phyllobilins, small quantities of so-called yellow and pink 134 
Chl catabolites (YCCs and PiCCs, respectively) have been identified in senescent leaves from 135 
several species (Moser et al., 2009b; Moser et al., 2008b; Ulrich et al., 2011). They are 136 
oxidation products of NCCs that have been considered to naturally occur as the result of plant 137 
endogenous oxidative activities (Vergeiner et al., 2015) and that might contribute to the color 138 
of senescent leaves or ripened fruits (Moser et al., 2012; Moser et al., 2008b). Although so far, 139 
DNCC-derived dioxobilin-type YCCs or PiCCs have not been described (Kräutler, 2016), 140 
such oxidations are likely not restricted to NCCs. 141 
 142 
The biochemistry and topology of chlorophyll breakdown 143 
The biochemical mechanism of Chl breakdown was elucidated stepwise during the last 20 144 
years. With the elucidation of the first phyllobilin structure in 1991 (Kräutler et al., 1991) and 145 
inhibition studies (Hörtensteiner et al., 1995), it became obvious that a Fe-dependent 146 
oxygenase is responsible for porphyrin ring cleavage, thus determining the common backbone 147 
structure of all subsequent intermediary and end products of breakdown. This oxygenase was 148 
later identified as a Rieske type monooxygenase that oxygenolytically opens the porphyrin 149 
ring of pheophorbide a, a Mg2+- and phytol-free intermediate of Chl a breakdown, and was 150 
thus named PHEOPHORBIDE a OXYGENASE (PAO) (Pružinská et al., 2003). Because of 151 
the importance of this step in the pathway, it is nowadays referred to as the ‘PAO/phyllobilin’ 152 
pathway of Chl breakdown (Kräutler and Hörtensteiner, 2014). Generally, the 153 
PAO/phyllobilin pathway can be divided into two parts. Part I was considered to include all 154 
reactions that are involved in the conversion of Chl b (via Chl a) and Chl a to primary FCC 155 
(pFCC) (Christ and Hörtensteiner, 2014). All of these reactions occur inside of the chloroplast 156 
and are common to all plant species that have been analyzed for Chl breakdown so far. The 157 
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recent identification of the C32-hydroxylase as a chloroplast inner envelope-located Rieske 158 
type oxygenase, named TRANSLOCON AT THE INNER CHLOROPLAST ENVELOPE 55 159 
(TIC55) (Hauenstein et al., 2016), and the common occurrence of NCCs and DNCCs that are 160 
derived from C32-hydroxylated pFCC (hydroxy-pFCC) calls for including this step in 161 
reactions of part I of the PAO/phyllobilin pathway. By contrast, part II describes all further 162 
side chain-modifying reactions, all of which take place outside the chloroplast, i.e. at the ER 163 
or in the cytosol, and include the non-enzymatic isomerization of fluorescent to 164 
nonfluorescent phyllobilins.  165 
 166 
Reactions of part I of the PAO/phyllobilin pathway 167 
Conversion of Chl b to Chl a – Except one (Müller et al., 2006), all NCCs and DNCCs that 168 
are known up to now derive from Chl a. The reason for this intriguing fact is the specificity of 169 
two of the downstream Chl catabolic enzymes (CCEs), i.e. the Mg-dechelatases, termed SGR 170 
or NYE (the latter name being used in the following) and PAO, for Chl a and pheophorbide a, 171 
respectively, while respective ‘b’ pigments are not accepted as substrates (Hörtensteiner et al., 172 
1995; Shimoda et al., 2016). Thus, prior to its degradation by the PAO/phyllobilin pathway, 173 
Chl b must be converted to Chl a (Shimoda et al., 2012). This is achieved by the reductive 174 
half of the so-called ‘chlorophyll cycle’, which interconverts chlorophyll(ide) a and 175 
chlorophyll(ide) b (Tanaka and Tanaka, 2011). Chl b to Chl a reduction is a two-step reaction 176 
catalyzed by NONYELLOW COLORING 1 (NYC1) and NYC1-LIKE (NOL), two 177 
paralogous Chl b reductases that depend on NADPH, and HYDROXYMETHYL CHL a 178 
REDUCTASE (HCAR), which depends on reduced ferredoxin (Fd) as a source of electrons. 179 
Genes encoding respective CCEs were recently identified in rice (Oryza sativa) and 180 
Arabidopsis (Horie et al., 2009; Kusaba et al., 2007; Meguro et al., 2011; Sato et al., 2009). 181 
 182 
Mg-dechelation and dephytylation – As mentioned above, pheophorbide a is the substrate 183 
of PAO, indicating that Mg-dechelation and dephytylation happen before porphyrin ring 184 
cleavage. Since its identification more than a century ago (Willstätter and Stoll, 1913), 185 
CHLOROPHYLLASE (CLH) that hydrolyzes Chl to chlorophyllide and phytol was assumed 186 
to be involved in Chl degradation during leaf senescence. In favor of this are high in vitro 187 
activities of CLHs (Arkus et al., 2005; Schelbert et al., 2009) and their wide distribution in 188 
higher plants and algae (Drazkiewicz, 1994; Shioi and Sasa, 1986). Since 1999, when the first 189 
CLHs were cloned independently by two groups (Jakob-Wilk et al., 1999; Tsuchiya et al., 190 
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1999), CLH genes have been identified from many plant species with surprising results: only 191 
in a few cases were the cloned proteins predicted or experimentally shown to be targeted to 192 
the chloroplast (Azoulay-Shemer et al., 2011; Azoulay Shemer et al., 2008), while for 193 
example the two Arabidopsis CLHs localize outside the plastid, i.e. in the ER and tonoplast 194 
(Hu et al., 2015; Schenk et al., 2007). Originally, this was interpreted as Chl dephytylation to 195 
(additionally) occur outside the plastid (Takamiya et al., 2000); however, the involvement of 196 
CLHs in leaf senescent-related Chl breakdown was repeatedly challenged (Hörtensteiner, 197 
2006; Hu et al., 2015; Liao et al., 2007; Schelbert et al., 2009; Schenk et al., 2007; Zhou et al., 198 
2007). Recently, CLH (together with Chl) was proposed to play a role as a plant endogenous 199 
two component defense system. In this system, CLH gets access to plastid-localized Chl upon 200 
cell damage by leaf-chewing herbivores, causing the production of chlorophyllide, which was 201 
shown to hamper development of Spodoptora litura larvae (Hu et al., 2015).  202 
Using an in silico prediction approach, Arabidopsis candidates for a phytol hydrolase that is 203 
chloroplast-localized and senescence-regulated were proposed (Schelbert et al., 2009). One of 204 
them, now named PHEOPHYTINASE (PPH), was shown to specifically hydrolyze 205 
pheophytin and respective mutants were unable to degrade Chl and thus exhibited a stay-206 
green phenotype. PPH was independently identified by two other groups in Arabidopsis (Ren 207 
et al., 2010) and rice (Morita et al., 2009). Since then PPH has been characterized in many 208 
other plant species and consistently shown to be required for Chl breakdown during leaf 209 
senescence (Büchert et al., 2011; Cheng and Guan, 2014; Guyer et al., 2014; Zhang et al., 210 
2016). This solidified the concept that Mg-dechelation precedes dephytylation in the 211 
PAO/phyllobilin pathway (Kusaba et al., 2013; Tanaka et al., 2011).  212 
Many activities have been considered in the past to be responsible for Mg-dechelation. These 213 
include (i) non-enzymatic loss of the Mg2+-ion as the result of changes in plastidial pH during 214 
senescence – Mg is known to be readily lost from Chl under acidic conditions (Saga and 215 
Tamiaki, 2012), (ii) involvement of potential Mg-chelators, i.e. heat-stable, low molecular 216 
weight compounds termed Mg-chelating substances (Costa et al., 2002; Suzuki and Shioi, 217 
2002), and (iii) Mg-dechelatases (Suzuki and Shioi, 2002; Vicentini et al., 1995). However, 218 
the molecular nature of such dechelatases remained enigmatic until recently, because of the 219 
unawareness that Chl is the likely substrate for dechelation (Schelbert et al., 2009; Shimoda et 220 
al., 2016), not the much more polar chlorophyllide or the often used artificial substrate 221 
chlorophyllin (Suzuki and Shioi, 2002; Vicentini et al., 1995). Only very recently, NYE was 222 
shown to function as Mg-dechelatase in vitro as well as in vivo (Shimoda et al., 2016). NYE 223 
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has been identified independently by several groups (Armstead et al., 2006, 2007; Jiang et al., 224 
2007; Park et al., 2007; Ren et al., 2007), but mutants that are now known to be deficient in 225 
NYE exist since decades or even centuries (Barry, 2009; Hörtensteiner, 2009). Indeed, the 226 
green cotyledon variety of pea (Pisum sativum) used by Gregor Mendel for the dissection of 227 
the laws of genetics in 1866 (Mendel, 1866), has a defect in the NYE1 gene (Aubry et al., 228 
2008; Sato et al., 2007). In the genome of Arabidopsis, three NYEs are encoded, i.e. the 229 
highly homologous NYE1 and NYE2 proteins and NYE/SGR-like (SGRL), which is more 230 
distantly related. A major difference of these proteins is the presence in NYE1 and NYE2 of a 231 
highly conserved cysteine-rich C-terminal domain of unknown function that is absent in 232 
SGRL (Hörtensteiner, 2009). It may explain their distinct substrate specificities: while NYE1 233 
is highly specific-for Chl a, SGRL prefers phytol-free chlorophyllide a as substrate (Shimoda 234 
et al., 2016). Different roles of the three Arabidopsis NYEs have been proposed in the past, 235 
some of which in retrospect and in light of their role as Mg-dechelatases may be questioned. 236 
Firstly, NYE1 was proposed as a mere scaffold protein whose function is to recruit other 237 
CCEs to form a highly dynamic protein complex at LHCII, to allow metabolite channeling of 238 
potentially phototoxic Chl breakdown intermediates (Sakuraba et al., 2012). As Mg-239 
dechelatase and first enzyme in Chl a degradation, NYE1 still could exert this function to 240 
coordinate metabolism downstream of Chl a, however its demonstrated interaction with 241 
upstream enzymes such as NYC1 or NOL is difficult to rationalize. Secondly, NYE2 has been 242 
proposed to have a negative role in Chl breakdown (Sakuraba et al., 2014c), but in retrospect 243 
is seems not reasonable why an Mg-dechelatase should act negatively. It has to be noted, 244 
however, that this proposed negative role of NYE2 was refuted recently (Wu et al., 2016). 245 
Thirdly, SGRL, whose expression is high in seedlings but declines during senescence, was 246 
proposed to have a role in stress-related Chl degradation rather than for leaf senescence 247 
(Sakuraba et al., 2014b). Its high specificity for chlorophyllide a (Shimoda et al., 2016) would 248 
require SGRL to function together with a CLH-like enzyme rather than with PPH such as the 249 
recently identified CHLOROPHYLL DEPHYTYLASE 1 (Lin et al., 2016). Nevertheless, 250 
SGRL was shown to physically interact with PPH (Sakuraba et al., 2014b). In summary, more 251 
research is required to determine the exact functions of these NYEs for Mg-dechelation of Chl.  252 
 253 
Formation of pFCC from pheophorbide a – The conversion of pheophorbide a to pFCC 254 
was demonstrated to be a Fd-dependent two-step reaction, because besides Fd, two additional 255 
protein fractions were shown to be required for in vitro pFCC formation (Hörtensteiner et al., 256 
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1995; Rodoni et al., 1997), i.e. a membrane fraction of senescent chloroplasts later shown to 257 
be PAO (Pružinská et al., 2003), and a stromal fraction, later identified as red Chl catabolite 258 
reductase (RCCR) (Wüthrich et al., 2000). The intermediary product of the PAO reaction, red 259 
Chl catabolite (RCC), is metabolically channeled in vitro, explaining the simultaneous 260 
requirement in respective assays of both enzymes. In line with this, PAO and RCCR were 261 
shown to physically interact (Pružinská et al., 2007; Sakuraba et al., 2012). 262 
PAO is a Rieske type monooxygenase with two C-terminally located transmembrane domains 263 
that anchors it within the thylakoid membrane (Sakuraba et al., 2012). Using 18O2 labeling 264 
experiments it was demonstrated that only the oxygen incorporated at the C1 formyl position 265 
of pFCC is derived from molecular oxygen (Hörtensteiner et al., 1998). Intriguingly, similar 266 
experiments with the green alga Auxenochlorella protothecoides that efficiently degrades Chl 267 
under N-limiting, heterotrophic conditions in the dark (Engel et al., 1996), uncovered the 268 
principle same type of mechanism (Curty et al., 1995). In contrast to higher plants, A. 269 
protothecoides does not further convert RCC, but excretes it into the surrounding medium. 270 
Accordingly, RCCR is absent from this green alga as based on recent genome and RNAseq 271 
analysis (Gao et al., 2014) (Aubry & Hörtensteiner, unpublished).  272 
RCCR specifically reduces the C15/C16 double bound of RCC, thereby introducing a new 273 
stereo center at C16. This reduction occurs in a highly stereospecific manner and was shown 274 
to depend on the source of RCCR (Hörtensteiner et al., 2000b; Pružinská et al., 2007), 275 
dividing these proteins into type I or type II RCCR. For example the Arabidopsis enzyme (a 276 
type I RCCR) produces specifically pFCC (Mühlecker et al., 1997), the presumed ‘S’ 277 
stereoisomer (Oberhuber et al., 2008), while the enzymes from bell pepper (Capsicum 278 
annuum) or tomato (Solanum lycopersicum) produce epi-pFCC (Mühlecker et al., 2000), i.e. 279 
the presumed C16 ‘R’ epimer (Oberhuber et al., 2008). Analysis of chimeric RCCRs 280 
composed of Arabidopsis and tomato sequence parts identified a single amino acid residue, 281 
which when exchanged with the respective tomato residue, converted Arabidopsis RCCR to a 282 
type II enzyme that produces epi-pFCC (Pružinská et al., 2007). The stereochemistry 283 
introduced by RCCR is reflected in the final phyllobilins, i.e. each of the above described 284 
NCCs and DNCCs may, depending on the plant species occur in two C16-isomeric forms. 285 
RCCRs are members of the Fd-dependent bilin reductase (FDBR) family that includes 286 
ELONGATED HYPOCOTYL 2, i.e. phytochromobilin synthase of higher plants and several 287 
bilin reductases of cyanobacteria and algae that catalyze phycobilin biosynthesis 288 
(Frankenberg and Lagarias, 2003). Although the 3D structures of RCCR and other FDBRs are 289 
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highly similar (Sugishima et al., 2009; Sugishima et al., 2010), i.e. pointing to a similar 290 
radical mechanism of electron transfer in RCCR as shown for some other FDBRs (Tu et al., 291 
2004), RCCR exhibits very low sequence similarity with these other FDBRs (Frankenberg et 292 
al., 2001).  293 
Mutants in PAO and RCCR were originally identified as ACCELERATED CELL DEATH 294 
(ACD) 1 and ACD2, respectively (Greenberg and Ausubel, 1993; Greenberg et al., 1994). 295 
PAO and RCCR mutants exhibit a light-dependent cell death phenotype, which was shown to 296 
be caused by the accumulation of, respectively, pheophorbide a and RCC that are highly 297 
photodynamic (Mach et al., 2001; Pružinská et al., 2007; Pružinská et al., 2003; Tanaka et al., 298 
2003; Xodo et al., 2012). Interestingly, however, absence of PAO, but not RCCR (Aubry & 299 
Hörtensteiner, unpublished), causes additional light-independent cell death, indicating that 300 
besides its high phototoxicity (Xodo et al., 2012) pheophorbide a could act as a cell death 301 
signaling molecule in the dark (Hirashima et al., 2009). However, pheophorbide a unlikely 302 
functions as a retrograde signal itself, because it was shown to be unable to leave the plastid 303 
(Christ et al., 2012), and other components of this proposed signaling pathway have not yet 304 
been identified. Once converted to pFCC, the potential phototoxicity of chlorophyll is 305 
abolished, and although pFCC still has a certain capacity to produce singlet oxygen (Jockusch 306 
et al., 2014), this is far below the phototoxicity of pheophorbide a or RCC, Thus, formation of 307 
pFCC by PAO and RCCR can be considered the key step of breakdown that accomplishes the 308 
abolishment of Chl phototoxicity as the main purpose for its degradation. 309 
 310 
pFCC-hydroxylation by TIC55 – All so far described reactions of the first part of the 311 
PAO/phyllobilin pathway occur in plastids. The recent identification of TIC55 as C32 312 
hydroxylase (Hauenstein et al., 2016) adds this reaction to part I, because (i) it commonly 313 
occurs in all plant species, as concluded from the presence of C32-hydroxylated phyllobilins 314 
in all investigated species (Hauenstein et al., 2016; Kräutler, 2016), and (ii) the reaction takes 315 
place in the plastid as shown by the presence in senescent Arabidopsis chloroplasts of both 316 
pFCC and hydroxy-pFCC (Hauenstein et al., 2016). At first glance, this finding was rather 317 
surprising, because TIC55 was identified as a potential component of the protein import 318 
machinery at the chloroplast inner envelope (Balsera et al., 2010; Calibe et al., 1997); 319 
however, this had been questioned in the past (Boij et al., 2009). Evidences for the role of 320 
TIC55 as pFCC-hydroxylase came from in vitro analyses that showed the requirement for 321 
reduced Fd for hydroxylating activity and from the analysis of tic55 mutants which 322 
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exclusively accumulate non-hydroxylated phyllobilins, while in wild type more than 50% of 323 
all phyllobilins are hydroxylated (Hauenstein et al., 2016).  324 
 325 
Reactions of part II of the PAO/phyllobilin pathway 326 
As mentioned above, over 40 structurally different phyllobilins have been isolated from more 327 
than 20 plant species. In the past, phyllobilins were named according to their source, by their 328 
type (RCC, FCC, DFCC, NCC, DNCC) and their relative or absolute retention time on a 329 
standardized HPLC system (Ginsburg and Matile, 1993; Kräutler, 2014, 2016). However, it 330 
turns out that, with this system, constitutionally identical phyllobilins receive different names 331 
(see Table 1). Thus, a simplifying nomenclature was proposed recently that classifies 332 
phyllobilins according to their type and their monoisotopic mass (Christ et al., 2016). Since 333 
LC-MS analysis started to become more widely used for phyllobilin analysis (Christ et al., 334 
2016; Müller et al., 2014; Rios et al., 2015), this seems reasonable. Because of distinct and 335 
characteristic fragmentation patterns in tandem MS, different classes of phyllobillins such as 336 
NCCs vs DNCCs (Christ et al., 2016) and fluorescent vs nonfluorescent phyllobilins 337 
(Hauenstein et al., 2016) can be distinguished. However, this classification system ignores 338 
isomeric differences between otherwise identical phyllobilins, as for example C16-epimers. 339 
Nevertheless, in the past, structurally identical phyllobilins isolated from different species 340 
have obtained different names (see Table 1). Thus, it may be desirable in the future to 341 
establish a simple but conclusive nomenclature for phyllobilins that concisely describes their 342 
structural features but is not redundant.  343 
The basis of the structural variability of phyllobilins are functionalizations at different side 344 
chains that occur species-specifically. Besides the TIC55-catalyzed C32 hydroxylation, the 345 
enzymes of only two further modifications have molecularly been identified. 346 
 347 
C1 deformylation – Since their first description in 1991 (Kräutler et al., 1991), NCCs were 348 
identified from many plant species and for a long time were considered the exclusive 349 
degradation products of Chl. Only a few isolated reports hinted to the occurrence of 350 
dioxobilin type forms of phyllobilins, originally named urobilinogenoidic Chl catabolites 351 
(Djapic and Pavlovic, 2008; Djapic et al., 2009b; Losey and Engel, 2001). They were 352 
considered to be oxidation products of NCC precursors that are, thus, likely formed inside the 353 
vacuole (Losey and Engel, 2001). Occurrence of DNCCs and NCCs varies among plant 354 
species. For example, Acer platanoides exclusively accumulates one single DNCC (Müller et 355 
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al., 2011) while Cercidiphyllum japonicum exclusively accumulates NCCs (Curty and Engel, 356 
1996; Oberhuber et al., 2003). By contrast, Arabidopsis for example forms both NCCs and 357 
DNCCs simultaneously, whereby the latter account for over 90% of all phyllobilins found 358 
(Christ et al., 2013). This hinted to a dedicated, species-specific activity responsible for 359 
DNCC formation. Using a combination of inhibition studies and in silico analysis, candidates 360 
for such an activity were identified in Arabidopsis (Christ et al., 2013). Indeed, DNCC 361 
formation was efficiently inhibited by CO, indicating the involvement of cytochrome P450 362 
monooxygenases (CYPs). Based on mutant analysis and in vitro activity determination, 363 
CYP89A9 was identified as the sole CYP enzyme responsible for DNCC formation in 364 
Arabidopsis. As known from many other CYPs (Schuler et al., 2006), CYP89A9 localizes to 365 
the ER, and it catalyzes an oxidative deformylation of FCCs to respective DFCCs (Christ et 366 
al., 2013). Intriguingly, CYP89A9 seems to be the sole member of the seven-membered 367 
CYP89 subfamily in Arabidopsis, because cyp89a9 mutants are devoid of DNCCs, but 368 
accumulate accordingly more NCCs. Since the mutants do not show any obvious phenotype, 369 
phyllobilin deformylation does not seem essential. Thus, it will be interesting to analyze in the 370 
future how and why during evolution CYP89A9 was specifically recruited for phyllobilin 371 
deformylation in Arabidopsis and whether distinct species that accumulate DNCCs evolved 372 
this activity independently from each other.  373 
 374 
O84 demethylation – Similar to phyllobilin deformylation, demethylation of the C82-375 
carboxymethyl group occurs in a species-specific manner. In Arabidopsis, it is catalyzed by 376 
the cytosol-located METHYLESTERASE 16 (MES16) (Christ et al., 2012), a member of a 377 
20-membered protein family (Yang et al., 2008), indicating its specific recruitment for Chl 378 
breakdown. Based on in vitro assays, demethylation has originally been considered to occur at 379 
the level of pheophorbide a, and be followed by spontaneous C132-decarboxylation which 380 
leads to the formation of pyropheophorbide a (Shioi et al., 1996; Suzuki et al., 2006). 381 
However, C82-decarboxylated phyllobilins have not been identified up to now and 382 
comparison of MES16 activity with pheophorbide a and pFCC demonstrated the specific 383 
stability of the remaining carboxylgroup in the latter (Christ et al., 2012). In addition, in an 384 
Arabidopsis pao1 mutant in which MES16 is mis-targeted to the chloroplast, 385 
pyropheophorbide a accumulates (Christ et al., 2012). This indicates that the natural substrate 386 
of MES16 are cytosolic FCCs and DFCCs. Recently, the crystal structure was resolved at 387 
high resolution, indicating that MES16 belongs to the α/β-hydrolase protein superfamily (Li 388 
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and Pu, 2016). Besides phyllobilins, MES16 was shown to specifically catalyze the 389 
demethylation of methyl-indole acetic acid, but not of other phytohormone methylesters 390 
(Christ et al., 2012; Li and Pu, 2016); however, the biological relevance of this MES16 391 
activity remains unknown. 392 
 393 
Phyllobilin transport and isomerization – Even before the first structure identification of a 394 
phyllobilin, it was proposed that Chl catabolites are stored in the vacuole of senescing barley 395 
cells (Matile et al., 1988) and this was confirmed in other plant species (Christ et al., 2012; 396 
Hinder et al., 1996; Matile, 1997; Pružinská et al., 2007). In addition and as mentioned above, 397 
isomerization of fluorescent precursors to respective NCCs and DNCCs is driven by an acidic 398 
pH (Oberhuber et al., 2003), i.e. likely happens inside the vacuole. Finally, transport of 399 
phyllobilins into isolated barley vacuoles was demonstrated to be ATP-dependent (Hinder et 400 
al., 1996). Although the ATP-binding cassette (ABC) transporters ABCC2 and ABCC3 of 401 
Arabidopsis were shown to transport NCCs after expression in yeast (Saccharomyces 402 
cerevisiae) (Lu et al., 1998; Tommasini et al., 1998), the in vivo transporter(s) of phyllobilins 403 
at the tonoplast have not been identified. Likewise, export of FCCs from the chloroplast was 404 
considered to be ATP-dependent (Matile et al., 1992), but respective transporters have not yet 405 
been identified.  406 
 407 
How conserved is the PAO/phyllobilin pathway in different tissues? 408 
Visible Chl breakdown, i.e. net loss of green color, does not only occur during natural leaf 409 
senescence, but, for example, also in response to different biotic and abiotic stresses. This is 410 
seen dramatically during the desiccation of resurrection plants that are capable to fully re-411 
hydrate after the re-supply of water (Tuba et al., 1996). In addition to these leaf-related 412 
processes, Chl breakdown also occurs in other tissues of a plant, such as during fruit ripening 413 
and seed maturation (Delmas et al., 2013; Moser et al., 2009a; Nakajima et al., 2012). 414 
Although the reactions of the PAO/phyllobilin pathway have largely been elucidated during 415 
leaf senescence, there is a great body of evidence that points to its involvement also in other 416 
tissues and during adverse stress conditions. For example, natural green fruit and seed 417 
varieties are known from several species, such as tomato green flesh, bell pepper chlorophyll 418 
retainer, soybean (Glycine max) d1d2, and several green cotyledon varieties of pea. In each of 419 
these cases, NYE genes were shown to be mutated (Aubry et al., 2008; Barry and Pandey, 420 
2009; Fang et al., 2014; Sato et al., 2007). Furthermore, phyllobilins have been described 421 
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from ripening fruits of many species such as pear (Pyrus communis), apple (Malus domestica) 422 
and banana (Moser et al., 2008a; Moser et al., 2012; Müller et al., 2007), and CCE proteins 423 
identified in fruit proteomics studies (Barsan et al., 2010; Wang et al., 2013). Likewise, an 424 
involvement of CCEs was shown for different stress conditions that induce degreening. For 425 
example, PAO induction and phyllobilin formation occurs during dehydration of resurrection 426 
plants (Christ et al., 2014), and a role of PAO was shown for the hypersensitive response of 427 
Arabidopsis upon Pseudomonas syringae infection (Mur et al., 2010).  428 
All these data indicate high conservation of the PAO/phyllobilin pathway for Chl degradation 429 
under diverse conditions and in diverse plant tissues. Nevertheless, there are also some 430 
inconsistencies regarding Chl breakdown in leaves as compared to fruits and seeds. For 431 
example, tomato and Arabidopsis lines that are deficient in PPH exhibit a stay-green leaf 432 
phenotype, but fruit or seed degreening are unaffected (Guyer et al., 2014; Zhang et al., 2014). 433 
This hints to the involvement of additional, so far unknown, hydrolytic activities that are 434 
required for Chl breakdown in seeds and fruits. It has to be noted that in some instances, like 435 
during fruit ripening in Citrus, CLHs have been proposed to be involved in dephytylation 436 
(Azoulay-Shemer et al., 2011; Azoulay Shemer et al., 2008). At present, it can therefore not 437 
be excluded that CLHs might play a role in fruits. Similarly, while senescent leaves of the 438 
Arabidopsis nye1-1 mutant that is deficient in NYE1 stay green during senescence, a block of 439 
Chl degradation during seed maturation is only evident in a NYE1/NYE2 double mutant 440 
(Delmas et al., 2013; Wu et al., 2016; Zhang et al., 2014), pointing to functional redundancy 441 
in seeds that is less obvious in leaves. Also the part II CCEs of the PAO/phyllobilin pathway 442 
seem to be differentially active in different Arabidopsis tissues, as can be deduced from the 443 
relative abundancies of respective phyllobilins that show major differences between seeds and 444 
senescent leaves (Menghini and Hörtensteiner, unpublished). 445 
 446 
 447 
Evolutionary aspects of the PAO/phyllobilin pathway 448 
Apart from a few isolated and rather unclear reports of Chl degradation products in green 449 
algae (Doi et al., 1997; Grabski et al., 2016; Miyake et al., 1995) and the well-studied 450 
example of A. protothecoides, which has been shown to degrade Chl to RCC-like products 451 
that are excreted (Engel et al., 1996; Hörtensteiner et al., 2000a; Oshio and Hase, 1969), 452 
phyllobilins have exclusively been identified in Angiosperms. This raises the intriguing 453 
question whether the PAO/phyllobilin pathway is conserved within all photosynthetic 454 
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organisms or whether Chl breakdown through this pathway evolved rather late and is (with 455 
maybe few exceptions) indeed restricted to Angiosperms. Phylogenetic analysis of NYEs, 456 
PPH, PAO, RCCR and TIC55 demonstrated that these enzymes are highly conserved within 457 
land plants, but sequence similarity drops significantly in lower photosynthetic organisms 458 
(Hauenstein et al., 2016; Pružinská et al., 2007; Schelbert et al., 2009; Thomas et al., 2009). 459 
Thus, it can be argued that all land plants may be capable to degrade Chl via the 460 
PAO/phyllobilin pathway and that the PAO/phyllobilin pathway evolved with the appearance 461 
of land plants (Hauenstein et al., 2016). However, experimental support for this is scarce. 462 
RCCR homologs of the Gymnosperm Pinus taeda, the liverwort Marchantia polymorpha and 463 
the bryophyte Physcomitrella patens were shown to exhibit RCCR activity in vitro (Pružinská 464 
et al., 2007). In line with the fact that A. protothecoides excretes RCC-like catabolites, RCCR 465 
is absent from green algae, and evolution of RCCR has been proposed a prerequisite for land 466 
colonization of terrestrial plants (Hörtensteiner, 2006).  467 
Despite the presence of highly homologous CCE sequences within lower land plants, 468 
phyllobilins have so far not been identified in Gymnosperms, ferns or mosses. It was 469 
proposed that phyllobilins may not in all cases be the final products of Chl degradation. 470 
Accordingly, amounts of degraded Chl do not always correlate to the amounts of accumulated 471 
phyllobilins (Christ et al., 2016; Losey and Engel, 2001) and monopyrrolic degradation 472 
products were proposed to occur in senescent barley leaves (Suzuki and Shioi, 1999; Suzuki 473 
et al., 1999). It remains to be demonstrated to which extent degradation of Chl beyond the 474 
level of phyllobilins may occur, particularly in species like the primitive Gymnosperm Ginkgo 475 
biloba or the lycophyte Selaginella moellendorffii that are capable of leaf senescence but 476 
seem to be devoid of phyllobilins (Aubry & Hörtensteiner, unpublished). 477 
Experimental evidence for the presence of CCE activities is also limited in green alga. The 478 
activity that produces RCC in A. protothecoides is biochemically rather similar to that of 479 
higher plants. Thus, both enzymes are monooxygenases that specifically incorporate a 480 
molecular oxygen-derived oxygen atom at the C1 formyl group (Curty et al., 1995; 481 
Hörtensteiner et al., 1998) and both activities are inhibited by Fe-chelators (Hörtensteiner et 482 
al., 2000a; Hörtensteiner et al., 1995). However, the most similar PAO-like enzyme encoded 483 
in the genome of A. protothecoides (Genbank accession number JAT76993) (Gao et al., 2014), 484 
exhibits only 31% sequence identity with Arabidopsis PAO, while it is above 70% within 485 
land plants. It remains to be shown whether JAT76993 is a genuine PAO. Recently, an NYE 486 
16 
 
from Chlamydomonas reinhardtii was identified that exhibits Mg-dechelatase activity in vitro 487 
and after expression in Arabidopsis (Matsuda et al., 2016).  488 
 489 
 490 
The transcriptional regulation of the PAO/phyllobilin pathway 491 
Since massive Chl breakdown is integral to green organ senescence, its regulation has 492 
frequently been investigated concomitantly with the general regulation of senescence. Upon 493 
consecutive cloning of CCGs during the last almost 20 years, it emerged that many CCGs are 494 
transcriptionally regulated during senescence. However, only during the past few years, the 495 
transcriptional regulation of CCGs was specifically explored, especially by yeast one-hybrid 496 
screening. This led to the recent identification of quite a few transcription regulators that 497 
directly target CCGs (Figure 2). Interestingly, almost all of these factors mediate the 498 
transcriptional regulation of both Chl breakdown and other senescence processes. 499 
 500 
Involvement of EIN3, ORE1, and ERFs in directly activating major CCGs during ethylene-501 
triggered Chl breakdown 502 
The biosynthesis and signaling of ethylene (ET) have long been implicated in the process of 503 
degreeing during leaf senescence and fruit ripening (Bleecker et al., 1988; Chao et al., 1997; 504 
Grbic and Bleecker, 1995; John et al., 1995; Zacarias and Reid, 1990). Lines of solid evidence 505 
include: (i) the octuple Arabidopsis mutant plants of ACSs (1-AMINOCYCLOPROPANE-1-506 
CARBOXYLIC ACID SYNTHASES), encoding the key enzyme catalyzing ethylene 507 
biosynthesis, is significantly delayed in degreening and senescence (Tsuchisaka et al., 2009), 508 
(ii) EIN2 (ETHYLENE INSENSITIVE 2), the key upstream component of ethylene signaling, 509 
was found to upregulate ORE1 (ORESARA1, NAC092), a key regulatory gene of degreening 510 
and leaf senescence, via negatively regulating miR164 (microRNA 164) that directly targets 511 
the mRNA of ORE1 (Kim et al., 2009), and (iii) EIN3, the downstream target of EIN2, was 512 
shown to positively regulate both ORE1 and NAP (NAC-LIKE, ACTIVATED BY AP3/PI, 513 
NAC029) directly (Kim et al., 2014) or ORE1 alone via inhibiting the expression of miR164 514 
(Li et al., 2013). Although a few more NAC transcription factors were further identified 515 
downstream of ORE1 (Kim et al., 2014), it remained unclear until recently how ethylene 516 
signaling directly regulates Chl breakdown during leaf senescence. Qiu and colleagues (Qiu et 517 
al., 2015) demonstrated that three major CCGs, NYE1, NYC1, and PAO, are the direct targets 518 
of EIN3 and ORE1, and, importantly, EIN3 and ORE1 promote the transcription of NYE1 and 519 
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NYC1 additively. Moreover, ORE1 promotes ethylene production by activating the expression 520 
of ACS2, a major ethylene biosynthesis gene. Therefore, EIN3, ORE1, and ACS2 constitute a 521 
feed-forward loop involved in the regulation of ethylene-mediated Chl breakdown during leaf 522 
senescence in Arabidopsis (Qiu et al., 2015). More recently, CitERF13, an ethylene 523 
responsive factor was identified in Citrus sinensis, which, like its homologs in Arabidopsis 524 
and tomato (AtERF17 and SlERF16, respectively), acts to promote Chl breakdown, likely 525 
through activating the expression of PPH (Yin et al., 2016). Above all, ethylene-triggered Chl 526 
breakdown is part of the degreening process during natural leaf senescence and fruit 527 
maturation. 528 
 529 
Involvement of ABI3/ABI5/EEL, ABFs, and NAC016/029 in directly activating major CCGs 530 
during abscisic acid-triggered Chl breakdown 531 
It has been repeatedly reported that the level of abscisic acid (ABA) is significantly or even 532 
dramatically increased during natural or stress-induced leaf senescence (Breeze et al., 2011; 533 
Gepstein and Thimann, 1980; He et al., 2005; Liu et al., 2016). Furthermore, alterations in the 534 
endogenous ABA level or exogenous application of ABA or an ABA antagonist, significantly 535 
change the onset and/or progression of senescence, which is accompanied by changes in the 536 
expression profiles of CCGs (Raab et al., 2009; Takasaki et al., 2015; Yang et al., 2014; Ye et 537 
al., 2017). Notably, NAP, an important NAC transcription factor involved in the regulation of 538 
senescence, mediates ABA-triggered leaf senescence via NAP–SAG113 (a PROTEIN 539 
PHOSPHATASE 2C, PP2C) and NAP–AAO3 (ABSCISIC ALDEHYDE OXIDASE 3) 540 
regulatory modules in Arabidopsis (Yang et al., 2014; Zhang and Gan, 2012). ABA-triggered 541 
leaf senescence has also been found to be mediated by RPK1 (RECEPTOR PROTEIN 542 
KINASE 1), MAPKKK18, SNAC-As (stress-responsive NAC transcription factors), NAC016, 543 
ABIG1 (ABA INSENSITIVE GROWTH 1), and an ABF (ABA-RESPONSIVE ELEMENT-544 
BINDING FACTOR)/RAV1 (RELATED TO ABA-INSENSITIVE 3/VP1) –ORE1 regulatory 545 
module in Arabidopsis (Lee et al., 2011; Liu et al., 2016; Matsuoka et al., 2015; Sakuraba et 546 
al., 2016; Takasaki et al., 2015; Zhao et al., 2016). 547 
Recently, the direct regulation of Chl breakdown by ABA signaling components has been 548 
explored in Arabidopsis as well as in rice. It was found that ABI5 (ABA INSENSITIVE 5) 549 
and EEL (ENHANCED EM LEVEL), two group A bZIP transcription factors that act 550 
downstream in the ABA signaling pathway, promote Chl breakdown by directly upregulating 551 
NYE1 and NYC1 (Sakuraba et al., 2014a), and that NAC016, a newly identified component of 552 
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ABA signaling, also mediates the regulation of Chl breakdown via direct activation of NYE1 553 
(Sakuraba et al., 2016). By screening for transcriptional regulators of NYE1, Gao et al. (2015) 554 
identified ABF2/3/4 as direct activators of NYE1/2, NYC1, and PAO in ABA-triggered as well 555 
as natural leaf senescence (Gao et al., 2016). During seed maturation, ABI3, a B3 domain 556 
transcription factor, was shown to directly regulate the expression of NYE1 and NYE2 to 557 
promote Chl breakdown (Delmas et al., 2013). In rice, OsNAP, an orthologue of AtNAP, was 558 
also identified as a key regulator of ABA-triggered and age-dependent leaf senescence, which 559 
directly targets NYE1, NYC1, NYC3 (PPH), and RCCR as well as other senescence-associated 560 
genes (SAGs) (Liang et al., 2014). This progress suggests that ABA-triggered Chl breakdown 561 
might be mainly responsible for degreening during abiotic stress-induced leaf senescence or 562 
during seed maturation. 563 
 564 
Involvement of MYC2/3/4 and NAC019/055/072 in directly activating major CCGs during 565 
jasmonic acid-triggered Chl breakdown 566 
Although quite a few decades ago, methyl jasmonate was shown to be a much stronger 567 
promoter of leaf senescence than ABA (Ueda and Kato, 1980), it was not until the beginning 568 
of this century that extensive evidence begun to accumulate for the involvement of 569 
endogenous jasmonic acid (JA) synthesis and signaling in regulating senescence (Breeze et al., 570 
2011; Castillo and Leon, 2008; He et al., 2002; Lee et al., 2015; Schommer et al., 2008; Shan 571 
et al., 2011; Yan et al., 2012). Particularly, JA signaling repressors such as Rubisco activase 572 
and WRKY57 and antagonistic regulation of SAG29 that involves the bHLH subgroup IIIe 573 
factors MYC2/3/4 and the bHLH subgroup IIId factors bHLH03/13/14/17 were recently 574 
identified to mediate JA-triggered leaf senescence (Jiang et al., 2014; Qi et al., 2015; Shan et 575 
al., 2011). Strikingly, MYC2/3/4 were demonstrated to directly regulate NYC1, NYE1 and 576 
PAO to promote Chl breakdown during JA-triggered leaf senescence (Zhu et al., 2015) and 577 
NAC019/055/072, downstream targets of the MYCs in the JA signaling pathway, were also 578 
revealed to directly activate a similar set of CCGs (NYE1/2, NYC1) (Zhu et al., 2015). In 579 
addition, MYC2 and NAC019 interact at the protein level to synergistically up-regulate the 580 
expression of NYE1 (Zhu et al., 2015). These findings suggest a complex hierarchical network 581 
of JA signaling in coordinating the regulation of efficient Chl breakdown, which may help to 582 
explain chlorosis incurred by pathogen infection. 583 
 584 
Involvement of PIF4/5 and ABI5/EEL in directly activating and SOC1 in directly repressing 585 
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CCGs during dark-induced Chl breakdown 586 
Light deprivation of green tissues (dark treatment) has been frequently exploited to 587 
investigate Chl breakdown and/or senescence processes. On the other hand, light has long 588 
been known to inhibit senescence of leaves via mediation of its perception and presumably 589 
signaling, and, specifically, phytochromes were suggested to be responsible for the 590 
senescence-inhibitory effect in light. This was rationalized from the observations that red light 591 
pulses were able to retard senescence almost as effective as white light, and the red light 592 
effect could be reverted by brief irradiation with far red light (Biswal and Biswal, 1984). The 593 
signaling details underlying have remained largely unknown for a long time; however, 594 
remarkable progress was made recently in elucidating the regulatory network involving phyB 595 
(phytochrome B) and PIFs (PHYTOCHROME-INTERACTING FACTORS) (Liebsch and 596 
Keech, 2016). It was shown that upon dark treatment phyB mutants exhibit an accelerated 597 
yellowing phenotype, whereas phyB overexpresser lines stayed green, indicating that the red 598 
light signal that inhibits senescence is mainly perceived by phyB (Sakuraba et al., 2014a). 599 
Within the red light signaling pathway, PIF4/5 are major repressors downstream of phyB, 600 
which destabilizes them at the posttranslational level, while ELF3 (EARLY FLOWERING 3), 601 
a regulator of the circadian clock and flowering time, inhibits PIF4/5 transcription (Leivar et 602 
al., 2008; Nusinow et al., 2011; Shin et al., 2009). Notably, during dark-induced senescence, 603 
ABI5/EEL and EIN3 were revealed as downstream targets of PIF4/5, which, along with 604 
PIF4/5 themselves, regulate ORE1 (Sakuraba et al., 2014a). PIF4/5, as well as ABI5/EEL, 605 
EIN3, and ORE1, were independently demonstrated by different groups to directly regulate 606 
two key CCGs, NYE1 and NYC1 (Qiu et al., 2015; Sakuraba et al., 2014a; Song et al., 2014; 607 
Zhang et al., 2015). In addition, PIF4 was found to positively regulate the level of reactive 608 
oxygen species as well as ethylene biosynthesis and signaling, and to simultaneously repress 609 
the expression of GLK (GOLDEN 2-LIKE) genes, i.e. chloroplast activity maintenance genes 610 
(Oh et al., 2012; Song et al., 2014). These independent investigations collectively reveal PIF4 611 
and PIF5, probably also PIF3, as the crucial players in the regulatory network of dark-/light 612 
deprivation-induced Chl breakdown and senescence, which hierarchically connects with 613 
known key regulators (Liebsch and Keech, 2016). 614 
Nevertheless, the regulatory network of dark-induced senescence is far more complex than 615 
currently understood, as indicated by the fact that loss-of-functions of almost all SAGs results 616 
in stay-green phenotypes during dark-induced senescence. Furthermore, SOC1 617 
(SUPPRESSOR OF OVEREXPRESSION OF CO 1), the key integrator of flowering 618 
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regulatory pathways, was recently identified as a negative regulator of dark-induced Chl 619 
breakdown/senescence (Chen et al., 2017). SOC1 directly inhibits the expression of NYE1 and 620 
PPH as well as of SAG113, which is involved in ABA-mediated leaf senescence (Zhang and 621 
Gan, 2012). 622 
 623 
 624 
Conclusions 625 
The ‘biological enigma’ of the fate of Chl (Hendry et al., 1987) has been solved during the 626 
last three decades. We now know that a dedicated pathway, the PAO/phyllobilin pathway, is 627 
responsible for the degradation of Chl during leaf senescence and fruit ripening of plants. We 628 
know the end products of degradation, we know most of the genes and enzymes involved in 629 
the pathway, and gene regulatory aspects of the pathway are emerging. Nevertheless, several 630 
open questions on the PAO/phyllobilin pathway remain, for example, regarding the molecular 631 
identity of the activities that cause the formation of YCCs and PiCCs (Ulrich et al., 2011; 632 
Vergeiner et al., 2015) or that catalyze the widely-occurring C18-dihydroxylation (Kräutler et 633 
al., 1991) (see Table 1). Furthermore, the fact that a single enzyme of a protein family, such as 634 
is the case for Arabidopsis MES16 and CYP89A9, has specifically been recruited to act in 635 
phyllobilin modification, favors that there might be a biological role(s) for phyllobilins, 636 
beyond their mere disposal as waste products inside the vacuole; however, such a role(s) has 637 
not been confirmed yet (Kräutler, 2016). Intriguingly, isolated reports have indicated a 638 
posttranscriptional regulation of PAO (Chung et al., 2006; Pružinská et al., 2003), but factors 639 
involved in such a regulatory mechanism are still missing. Finally, how all the CCGs are 640 
regulated so as to act in a coordinated manner also awaits to be elucidated. 641 
Chl degradation through the PAO/phyllobilin pathway might not be the only way of degrading 642 
Chl. Indeed, in the past, peroxidases were repeatedly considered to be involved (Hynninen et 643 
al., 2010; Johnson-Flanagan and Spencer, 1996; Matile, 1980); however, in none of the cases, 644 
have respective degradation products been identified. Recently, several reports (Kashiyama et 645 
al., 2012; Kashiyama et al., 2013) demonstrated Chl detoxification in heterotrophic protists 646 
during herbivory that does not involve porphyrin ring opening, but ring formation between the 647 
C17 propionic acid and ring E. These so-called 132,173-cyclopheophorbide enols are, in 648 
contrast to Chl, pheophytin and pheophorbide, nonfluorescent and incapable to produce 649 
singlet oxygen upon light excitation (Kashiyama et al., 2012). Bioluminescent dinoflagellates 650 
and Euphausiids such as krill (Euphausia pacifica) use Chl-derived linear tetrapyrroles as 651 
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luciferins (Nakamura et al., 1989; Nakamura et al., 1988). Interestingly, in these cases the 652 
porphyrin ring is opened in the ‘Western’ position. The biochemical and molecular basis for 653 
the production of cyclopheophorbide enols or Chl-derived luciferins is unknown (Kashiyama 654 
and Tamiaki, 2014; Topalov and Kishi, 2001). 655 
 656 
Acknowledgements 657 
This work was supported by grants of the National Natural Science Foundation of China 658 
(31670287) to B.K., the National Postdoctoral Program for Innovative Talents 659 
(BX201700058) to J.C. and the Swiss National Science Foundation (31003A_149389/1 and 660 
31CP30_163504/1) to S.H. 661 
 662 
 
References 
Arkus KAJ, Cahoon EB, Jez JM. 2005. Mechanistic analysis of wheat chlorophyllase. Archives of 
Biochemistry and Biophysics 438, 146-155. 
Armstead I, Donnison I, Aubry S, et al. 2006. From crop to model to crop: identifying the genetic 
basis of the staygreen mutation in the Lolium/Festuca forage and amenity grasses. New 
Phytologist 172, 592-597. 
Armstead I, Donnison I, Aubry S, et al. 2007. Cross-species identification of Mendel's I locus. 
Science 315, 73. 
Aubry S, Mani J, Hörtensteiner S. 2008. Stay-green protein, defective in Mendel's green cotyledon 
mutant, acts independent and upstream of pheophorbide a oxygenase in the chlorophyll 
catabolic pathway. Plant Molecular Biology 67, 243-256. 
Azoulay-Shemer T, Harpaz-Saad S, Cohen-Peer R, et al. 2011. Dual N- and C-terminal processing 
of Citrus chlorophyllase precursor within the plastid membranes leads to the mature enzyme. 
Plant and Cell Physiology 52, 70-83. 
Azoulay Shemer T, Harpaz-Saad S, Belausov E, Lovat N, Krokhin O, Spicer V, Standing KG, 
Goldschmidt EE, Eyal Y. 2008. Citrus chlorophyllase dynamics at ethylene-induced fruit 
color-break; a study of chlorophyllase expression, post-translational processing kinetics and in-
situ intracellular localization. Plant Physiology 148, 108-118. 
Balsera M, Soll J, Buchanan BB. 2010. Redox extends its regulatory reach to chloroplast protein 
import. Trends in Plant Science 15, 515-521. 
Barry CS. 2009. The stay-green revolution: Recent progress in deciphering the mechanisms of 
chlorophyll degradation in higher plants. Plant Science 176, 325-333. 
22 
 
Barry CS, Pandey P. 2009. A survey of cultivated heirloom tomato varieties identifies four new 
mutant alleles at the green-flesh locus. Molecular Breeding 24, 269-276. 
Barsan C, Sanchez-Bel P, Rombaldi C, Egea I, Rossignol M, Kuntz M, Zouine M, Latche A, 
Bouzayen M, Pech JC. 2010. Characteristics of the tomato chromoplast revealed by proteomic 
analysis. Journal of Experimental Botany 61, 2413-2431. 
Berghold J, Breuker K, Oberhuber M, Hörtensteiner S, Kräutler B. 2002. Chlorophyll breakdown 
in spinach: on the structure of five nonfluorescent chlorophyll catabolites. Photosynthesis 
Research 74, 109-119. 
Berghold J, Eichmüller C, Hörtensteiner S, Kräutler B. 2004. Chlorophyll breakdown in tobacco: 
on the structure of two nonfluorescent chlorophyll catabolites. Chemistry & Biodiversity 1, 657-
668. 
Berghold J, Müller T, Ulrich M, Hörtensteiner S, Kräutler B. 2006. Chlorophyll breakdown in 
maize: on the structure of two nonfluorescent chlorophyll catabolites. Monatshefte für Chemie 
137, 751-763. 
Biswal UC, Biswal B. 1984. Photocontrol of leaf senescence. Photochemistry and Photobiology 39, 
875-879. 
Bleecker AB, Estelle MA, Somerville C, Kende H. 1988. Insensitivity to ethylene conferred by a 
dominant mutation in Arabidopsis thaliana. Science 241, 1086-1089. 
Boij P, Patel R, Garcia C, Jarvis P, Aronsson H. 2009. In vivo studies on the roles of Tic55-related 
proteins in chloroplast protein import in Arabidopsis thaliana. Molecular Plant 2, 1397-1409. 
Breeze E, Harrison E, McHattie S, et al. 2011. High-resolution temporal profiling of transcripts 
during Arabidopsis leaf senescence reveals a distinct chronology of processes and regulation. 
The Plant Cell 23, 873-894. 
Büchert AM, Civello PM, Martínez GA. 2011. Chlorophyllase versus pheophytinase as candidates 
for chlorophyll dephytilation during senescence of broccoli. Journal of Plant Physiology 168, 
337-343. 
Calibe A, Grimm R, Kaiser G, Lübeck J, Soll J, Heins L. 1997. The chloroplastic protein import 
machinery contains a Rieske-type iron-sulfur cluster and a mononuclear iron-binding protein. 
The EMBO Journal 16, 7342-7350. 
Castillo MC, Leon J. 2008. Expression of the beta-oxidation gene 3-ketoacyl-CoA thiolase 2 (KAT2) 
is required for the timely onset of natural and dark-induced leaf senescence in Arabidopsis. 
Journal of Experimental Botany 59, 2171-2179. 
Chao QM, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker JR. 1997. Activation of the 
ethylene gas response pathway in Arabidopsis by the nuclear protein ETHYLENE-
INSENSITIVE3 and related proteins. Cell 89, 1133-1144. 
23 
 
Chen J, Zhu X, Ren J, Qiu K, Li Z, Xie Z, Gao J, Zhou X, Kuai B. 2017. Suppressor of 
overexpression of CO 1 negatively regulates dark-induced leaf degreening and senescence by 
directly repressing pheophytinase and other senescence-associated genes in Arabidopsis. Plant 
Physiology 173, 1881-1891. 
Cheng YD, Guan JF. 2014. Involvement of pheophytinase in ethylene-mediated chlorophyll 
degradation in the peel of harvested 'Yali' pear. Journal of Plant Growth Regulation 33, 364-372. 
Christ B, Egert A, Süssenbacher I, Kräutler B, Bartels D, Peters S, Hörtensteiner S. 2014. Water 
deficit induces chlorophyll degradation via the ‘PAO/phyllobilin‘ pathway in leaves of homoio- 
(Craterostigma pumilum) and poikilochlorophyllous (Xerophyta viscosa) resurrection plants. 
Plant Cell and Environment 37, 2521-2531. 
Christ B, Hauenstein M, Hörtensteiner S. 2016. A liquid chromatography-mass spectrometry 
platform for the analysis of phyllobilins, the major degradation products of chlorophyll in 
Arabidopsis thaliana. The Plant Journal 88, 505-518. 
Christ B, Hörtensteiner S. 2014. Mechanism and significance of chlorophyll breakdown. Journal of 
Plant Growth Regulation 33, 4-20. 
Christ B, Schelbert S, Aubry S, Süssenbacher I, Müller T, Kräutler B, Hörtensteiner S. 2012. 
MES16, a member of the methylesterase protein family, specifically demethylates fluorescent 
chlorophyll catabolites during chlorophyll breakdown in Arabidopsis. Plant Physiology 158, 
628-641. 
Christ B, Süssenbacher I, Moser S, Bichsel N, Egert A, Müller T, Kräutler B, Hörtensteiner S. 
2013. Cytochrome P450 CYP89A9 is involved in the formation of major chlorophyll catabolites 
during leaf senescence in Arabidopsis. The Plant Cell 25, 1868-1880. 
Chung DW, Pružinská A, Hörtensteiner S, Ort DR. 2006. The role of pheophorbide a oxygenase 
expression and activity in the canola green seed problem. Plant Physiology 142, 88-97. 
Costa ML, Civello PM, Chaves AR, Martinez GA. 2002. Characterization of Mg-dechelatase 
activity obtained from Fragaria x ananassa fruit. Plant Physiology and Biochemistry 40, 111-
118. 
Curty C, Engel N. 1996. Detection, isolation and structure elucidation of a chlorophyll a catabolite 
from autumnal senescent leaves of Cercidiphyllum japonicum. Phytochemistry 42, 1531-1536. 
Curty C, Engel N, Gossauer A. 1995. Evidence for a monooxygenase-catalyzed primary process in 
the catabolism of chlorophyll. FEBS Letters 364, 41-44. 
Delmas F, Sankaranarayanan S, Deb S, Widdup E, Bournonville C, Bollier N, Northey JG, 
McCourt P, Samuel MA. 2013. ABI3 controls embryo degreening through Mendel's I locus. 
Proceedings of the National Academy of Sciences, USA 110, E3888-E3894. 
Djapic N, Djuric A, Pavlovic A. 2009a. Chlorophyll biodegradation in Vitis vinifera var. Pinot Noir 
autumnal leaves. Research Journal of Agricultural Science 41, 256-260. 
24 
 
Djapic N, Pavlovic M. 2008. Chlorophyll catabolite from Parrotia persica autumnal leaves. Revista 
De Chimie 59, 878-882. 
Djapic N, Pavlovic M, Arsovski S, Vujic G. 2009b. Chlorophyll biodegradation product from 
Hamamelis virginiana autumnal leaves. Revista De Chimie 60, 398-402. 
Doi M, Shima S, Egashira T, Nakamura K, Okayama S. 1997. New bile pigment excreted by a 
Chlamoydomonas reinhardtii mutant: a possible breakdown catabolite of chlorophyll a. Journal 
of Plant Physiology 150, 504-508. 
Drazkiewicz M. 1994. Chlorophyllase: occurrence, functions, mechanism of action, effects of 
external and internal factors. Photosynthetica 30, 321-331. 
Engel N, Curty C, Gossauer A. 1996. Chlorophyll catabolism in Chlorella protothecoides. 8. Facts 
and artefacts. Plant Physiology and Biochemistry 34, 77-83. 
Erhart T, Mittelberger C, Vergeiner C, Scherzer G, Holzner B, Robatscher P, Oberhuber M, 
Kräutler B. 2016. Chlorophyll catabolites in senescent leaves of the plum tree (Prunus 
domestica). Chemistry & Biodiversity 13, 1441-1453. 
Fang C, Li CC, Li WY, et al. 2014. Concerted evolution of D1 and D2 to regulate chlorophyll 
degradation in soybean. The Plant Journal 77, 700-712. 
Feller U, Anders I, Mae T. 2008. Rubiscolytics: fate of Rubisco after its enzymatic function in a cell 
is terminated. Journal of Experimental Botany 59, 1615-1624. 
Frankenberg N, Lagarias JC. 2003. Biosynthesis and biological functions of bilins. In: Kadish KM, 
Smith KM, Guilard R, eds. The Porphyrin Handbook, Vol. Vol. 13/Chlorophylls and Bilins: 
Biosynthesis, Synthesis and Degradation. Amsterdam: Elsevier Science, 211-235. 
Frankenberg N, Mukougawa K, Kohchi T, Lagarias JC. 2001. Functional genomic analysis of the 
HY2 family of ferredoxin-dependent bilin reductases from oxygenic photosynthetic organisms. 
The Plant Cell 13, 965-978. 
Gao CF, Wang Y, Shen Y, Yan D, He X, Dai JB, Wu QY. 2014. Oil accumulation mechanisms of the 
oleaginous microalga Chlorella protothecoides revealed through its genome, transcriptomes, 
and proteomes. BMC Genomics 15. 
Gao S, Gao J, Zhu X, Song Y, Li Z, Ren G, Zhou X, Kuai B. 2016. ABF2, ABF3, and ABF4 
promote ABA-mediated chlorophyll degradation and leaf senescence by transcriptional 
activation of chlorophyll catabolic genes and senescence-associated genes in Arabidopsis. 
Molecular Plant 9, 1272-1285. 
Gepstein S, Thimann KV. 1980. Changes in the abscisic-acid content of oat leaves during senescence. 
Proceedings of the National Academy of Sciences, USA 77, 2050-2053. 
Ginsburg S, Matile P. 1993. Identification of catabolites of chlorophyll porphyrin in senescent rape 
cotyledons. Plant Physiology 102, 521-527. 
25 
 
Grabski K, Baranowski N, Skorko-Glonek J, Tukaj Z. 2016. Chlorophyll catabolites in conditioned 
media of green microalga Desmodesmus subspicatus. Journal of Applied Phycology 28, 889-
896. 
Grbic V, Bleecker AB. 1995. Ethylene regulates the timing of leaf senescence in Arabidopsis. The 
Plant Journal 8, 595-602. 
Greenberg JT, Ausubel FM. 1993. Arabidopsis mutants compromised for the control of cellular 
damage during pathogenesis and aging. The Plant Journal 4, 327-341. 
Greenberg JT, Guo A, Klessig DF, Ausubel FM. 1994. Programmed cell death in plants: a pathogen-
triggered response activated coordinately with multiple defense functions. Cell 77, 551-563. 
Guyer L, Schelbert Hofstetter S, Christ B, Silverstre Lira B, Rossi M, Hörtensteiner S. 2014. 
Different mechanisms are responsible for chlorophyll dephytylation during fruit ripening and 
leaf senescence in tomato. Plant Physiology 166, 44-56. 
Hauenstein M, Christ B, Das A, Aubry S, Hörtensteiner S. 2016. A role for TIC55 as a hydroxylase 
of phyllobilins, the products of chlorophyll breakdown during plant senescence. The Plant Cell 
28, 2510-2527. 
He P, Osaki M, Takebe M, Shinano T, Wasaki J. 2005. Endogenous hormones and expression of 
senescence-related genes in different senescent types of maize. Journal of Experimental Botany 
56, 1117-1128. 
He YH, Fukushige H, Hildebrand DF, Gan SS. 2002. Evidence supporting a role of jasmonic acid in 
Arabidopsis leaf senescence. Plant Physiology 128, 876-884. 
Hendry GAF, Houghton JD, Brown SB. 1987. The degradation of chlorophyll - A biological enigma. 
New Phytologist 107, 255-302. 
Hinder B, Schellenberg M, Rodoni S, Ginsburg S, Vogt E, Martinoia E, Matile P, Hörtensteiner 
S. 1996. How plants dispose of chlorophyll catabolites. Directly energized uptake of 
tetrapyrrolic breakdown products into isolated vacuoles. The Journal of Biological Chemistry 
271, 27233-27236. 
Hirashima M, Tanaka R, Tanaka A. 2009. Light-independent cell death induced by accumulation of 
pheophorbide a in Arabidopsis thaliana. Plant and Cell Physiology 50, 719-729. 
Horie Y, Ito H, Kusaba M, Tanaka R, Tanaka A. 2009. Participation of chlorophyll b reductase in 
the initial step of the degradation of light-harvesting chlorophyll a/b-protein complexes in 
Arabidopsis. The Journal of Biological Chemistry 284, 17449-17456. 
Hörtensteiner S. 2006. Chlorophyll degradation during senescence. Annual Review of Plant Biology 
57, 55-77. 
Hörtensteiner S. 2009. Stay-green regulates chlorophyll and chlorophyll-binding protein degradation 
during senescence. Trends in Plant Science 14, 155-162. 
26 
 
Hörtensteiner S, Chinner J, Matile P, Thomas H, Donnison IS. 2000a. Chlorophyll breakdown in 
Chlorella protothecoides: characterization of degreening and cloning of degreening-related 
genes. Plant Molecular Biology 42, 439-450. 
Hörtensteiner S, Feller U. 2002. Nitrogen metabolism and remobilization during senescence. Journal 
of Experimental Botany 53, 927-937. 
Hörtensteiner S, Rodoni S, Schellenberg M, Vicentini F, Nandi OI, Qiu Y-L, Matile P. 2000b. 
Evolution of chlorophyll degradation: the significance of RCC reductase. Plant Biology 2, 63-
67. 
Hörtensteiner S, Vicentini F, Matile P. 1995. Chlorophyll breakdown in senescent cotyledons of 
rape, Brassica napus L.: enzymatic cleavage of phaeophorbide a in vitro. New Phytologist 129, 
237-246. 
Hörtensteiner S, Wüthrich KL, Matile P, Ongania K-H, Kräutler B. 1998. The key step in 
chlorophyll breakdown in higher plants. Cleavage of pheophorbide a macrocycle by a 
monooxygenase. The Journal of Biological Chemistry 273, 15335-15339. 
Hu XY, Makita S, Schelbert S, Sano S, Ochiai M, Tsuchiya T, Hasegawa SF, Hörtensteiner S, 
Tanaka A, Tanaka R. 2015. Reexamination of chlorophyllase function implies its involvement 
in defense against chewing herbivores. Plant Physiology 167, 660-670. 
Hynninen PH, Kaartinen V, Kolehmainen E. 2010. Horseradish peroxidase-catalyzed oxidation of 
chlorophyll a with hydrogen peroxide. Characterization of the products and mechanism of the 
reaction. Biochimica et Biophysica Acta 1797, 531-542. 
Jakob-Wilk D, Holland D, Goldschmidt EE, Riov J, Eyal Y. 1999. Chlorophyll breakdown by 
chlorophyllase: isolation and functional expression of the Chlase1 gene from ethylene-treated 
Citrus fruit and its regulation during development. The Plant Journal 20, 653-661. 
Jiang H, Li M, Liang N, Yan H, Wei Y, Xu X, Liu J, Xu Z, Chen F, Wu G. 2007. Molecular 
cloning and function analysis of the stay green gene in rice. The Plant Journal 52, 197-209. 
Jiang YJ, Liang G, Yang SZ, Yu DQ. 2014. Arabidopsis WRKY57 functions as a node of 
convergence for jasmonic acid- and auxin-mediated signaling in jasmonic acid-induced leaf 
senescence. The Plant Cell 26, 230-245. 
Jockusch S, Turro NJ, Banala S, Kräutler B. 2014. Photochemical studies of a fluorescent 
chlorophyll catabolite - source of bright blue fluorescence in plant tissue and efficient sensitizer 
of singlet oxygen. Photochemical & Photobiological Sciences 13, 407-411. 
John I, Drake R, Farrell A, Cooper W, Lee P, Horton P, Grierson D. 1995. Delayed leaf 
senescence in ethylene-deficient ACC-oxidase antisense tomato plants - molecular and 
physiological analysis. The Plant Journal 7, 483-490. 
27 
 
Johnson-Flanagan AM, Spencer MS. 1996. Chlorophyllase and peroxidase activity during 
degreening of maturing canola (Brassica napus) and mustard (Brassica juncea) seed. 
Physiologia Plantarum 97, 353-359. 
Kashiyama Y, Tamiaki H. 2014. Risk management by organisms of the phototoxicity of chlorophylls. 
Chemistry Letters 43, 148-156. 
Kashiyama Y, Yokoyama A, Kinoshita Y, et al. 2012. Ubiquity and quantitative significance of 
detoxification catabolism of chlorophyll associated with protistan herbivory. Proceedings of the 
National Academy of Sciences, USA 109, 17328-17335. 
Kashiyama Y, Yokoyama A, Shiratori T, Inouye I, Kinoshita Y, Mizoguchi T, Tamiaki H. 2013. 
132,173-Cyclopheophorbide b enol as a catabolite of chlorophyll b in phycophagy by protists. 
FEBS Letters 587, 2578-2583. 
Kim HJ, Hong SH, Kim YW, et al. 2014. Gene regulatory cascade of senescence-associated NAC 
transcription factors activated by ETHYLENE-INSENSITIVE2-mediated leaf senescence 
signalling in Arabidopsis. Journal of Experimental Botany 65, 4023-4036. 
Kim JH, Woo HR, Kim J, Lim PO, Lee IC, Choi SH, Hwang D, Nam HG. 2009. Trifurcate feed-
forward regulation of age-dependent cell death involving miR164 in Arabidopsis. Science 323, 
1053-1057. 
Kräutler B. 2014. Phyllobilins - the abundant bilin-type tetrapyrrolic catabolites of the green plant 
pigment chlorophyll. Chemical Society Reviews 43, 6227-6238. 
Kräutler B. 2016. Breakdown of chlorophyll in higher plants - Phyllobilins as abundant, yet hardly 
visible signs of ripening, senescence, and cell death. Angewandte Chemie International Edition 
55, 4882-4907. 
Kräutler B, Hörtensteiner S. 2014. Chlorophyll breakdown: chemistry, biochemistry and biology. In: 
Ferreira GC, Kadish KM, Smith KM, Guilard R, eds. Handbook of Porphyrin Science - 
Chlorophyll, Photosynthesis and Bio-inspired Energy, Vol. 28. Singapore: World Scientific 
Publishing, 117-185. 
Kräutler B, Jaun B, Bortlik K-H, Schellenberg M, Matile P. 1991. On the enigma of chlorophyll 
degradation: the constitution of a secoporphinoid catabolite. Angewandte Chemie International 
Edition in English 30, 1315-1318. 
Kusaba M, Ito H, Morita R, et al. 2007. Rice NON-YELLOW COLORING1 is involved in light-
harvesting complex II and grana degradation during leaf senescence. The Plant Cell 19, 1362-
1375. 
Kusaba M, Tanaka A, Tanaka R. 2013. Stay-green plants: what do they tell us about the molecular 
mechanism of leaf senescence. Photosynthesis Research 117, 221-234. 
28 
 
Lee IC, Hong SW, Whang SS, Lim PO, Nam HG, Koo JC. 2011. Age-dependent action of an ABA-
inducible receptor kinase, RPK1, as a positive regulator of senescence in Arabidopsis leaves. 
Plant and Cell Physiology 52, 651-662. 
Lee SH, Sakuraba Y, Lee T, Kim KW, An G, Lee HY, Paek NC. 2015. Mutation of Oryza sativa 
CORONATINE INSENSITIVE 1b (OsCOI1b) delays leaf senescence. Journal of Integrative 
Plant Biology 57, 562-576. 
Leivar P, Monte E, Oka Y, Liu T, Carle C, Castillon A, Huq E, Quail PH. 2008. Multiple 
phytochrome-interacting bHLH transcription factors repress premature seedling 
photomorphogenesis in darkness. Current Biology 18, 1815-1823. 
Li HM, Pu H. 2016. Crystal structure of methylesterase family member 16 (MES16) from 
Arabidopsis thaliana. Biochemical and Biophysical Research Communications 474, 226-231. 
Li S, Gao J, Yao L, Ren G, Zhu X, Gao S, Qiu K, Zhou X, Kuai B. 2016. The role of ANAC072 in 
the regulation of chlorophyll degradation during age- and dark-induced leaf senescence. Plant 
Cell Reports 35, 1729-1741. 
Li ZH, Peng JY, Wen X, Guo HW. 2013. ETHYLENE-INSENSITIVE3 is a senescence-associated 
gene that accelerates age-dependent leaf senescence by directly repressing miR164 transcription  
Liang CZ, Wang YQ, Zhu YN, et al. 2014. OsNAP connects abscisic acid and leaf senescence by 
fine-tuning abscisic acid biosynthesis and directly targeting senescence-associated genes in rice. 
Proceedings of the National Academy of Sciences, USA 111, 10013-10018. 
Liao Y, An K, Zhou X, Chen W-J, Kuai B-K. 2007. AtCLH2, a typical but possibly distinctive 
chlorophyllase gene in Arabidopsis. Journal of Integrative Plant Biology 49, 531-539. 
Liebsch D, Keech O. 2016. Dark-induced leaf senescence: new insights into a complex light-
dependent regulatory pathway. New Phytologist 212, 563-570. 
Lim PO, Kim HJ, Nam HG. 2007. Leaf senescence. Annual Review of Plant Biology 58, 115-136. 
Lin YP, Wu MC, Charng YY. 2016. Identification of a chlorophyll dephytylase involved in 
chlorophyll turnover in Arabidopsis. The Plant Cell 28, 2974-2990. 
Liu T, Longhurst AD, Talavera-Rauh F, Hokin SA, Barton MK. 2016. The Arabidopsis 
transcription factor ABIG1 relays ABA signaled growth inhibition and drought induced 
senescence. eLife 5, e13768. 
Losey FG, Engel N. 2001. Isolation and characterization of a urobilinogenoidic chlorophyll catabolite 
from Hordeum vulgare L. The Journal of Biological Chemistry 276, 27233-27236. 
Lu Y-P, Li Z-S, Drozdowicz Y-M, Hörtensteiner S, Martinoia E, Rea PA. 1998. AtMRP2, an 
Arabidopsis ATP binding cassette transporter able to transport glutathione S-conjugates and 
chlorophyll catabolites: functional comparisons with AtMRP1. The Plant Cell 10, 267-282. 
29 
 
Mach JM, Castillo AR, Hoogstraten R, Greenberg JT. 2001. The Arabidopsis-accelerated cell 
death gene ACD2 encodes red chlorophyll catabolite reductase and suppresses the spread of 
disease symptoms. Proceedings of the National Academy of Sciences, USA 98, 771-776. 
Makino A, Osmond B. 1991. Effect of nitrogen nutrition on nitrogen partitioning between 
chloroplasts and mitochondria in pea and wheat. Plant Physiology 96, 355-362. 
Matile P. 1980. Catabolism of chlorophyll: involvement of peroxidase? Zeitschrift für 
Pflanzenphysiologie 99, 457-478. 
Matile P. 1997. The vacuole and cell senecence. In: Callow JA, ed. Advances in Botanical Research, 
Vol. 25. New York: Academic Press, 87-112. 
Matile P, Ginsburg S, Schellenberg M, Thomas H. 1987. Catabolites of chlorophyll in senescent 
leaves. Journal of Plant Physiology 129, 219-228. 
Matile P, Ginsburg S, Schellenberg M, Thomas H. 1988. Catabolites of chlorophyll in senescing 
barley leaves are localized in the vacuoles of mesophyll cells. Proceedings of the National 
Academy of Sciences, USA 85, 9529-9532. 
Matile P, Schellenberg M, Peisker C. 1992. Production and release of a chlorophyll catabolite in 
isolated senescent chloroplasts. Planta 187, 230-235. 
Matsuda K, Shimoda Y, Tanaka A, Ito H. 2016. Chlorophyll a is a favorable substrate for 
Chlamydomonas Mg-dechelatase encoded by STAY-GREEN. Plant Physiology and 
Biochemistry 109, 365-373. 
Matsuoka D, Yasufuku T, Furuya T, Nanmori T. 2015. An abscisic acid inducible Arabidopsis 
MAPKKK, MAPKKK18 regulates leaf senescence via its kinase activity. Plant Molecular 
Biology 87, 565-575. 
Meguro M, Ito H, Takabayashi A, Tanaka R, Tanaka A. 2011. Identification of the 7-
hydroxymethyl chlorophyll a reductase of the chlorophyll cycle in Arabidopsis. The Plant Cell 
23, 3442-3453. 
Mendel G. 1866. Versuche über Pflanzenhybriden. Verhandlungen des naturforschenden Vereines in 
Brünn 4, 3-47. 
Mittelberger C, Yalcinkaya H, Pichler C, et al. 2017. Pathogen-induced leaf chlorosis: products of 
chlorophyll breakdown found in degreened leaves of Phytoplasma-infected apple (Malus x 
domestica Borkh.) and spricot (Prunus armeniaca L.) trees relate to the pheophorbide a 
oxygenase/phyllobilin pathway. Journal of Agricultural and Food Chemistry 65, 2651-2660. 
Miyake K, Ohtomi M, Yoshizawa H, Sakamoto Y, Nakayama K, Okada M. 1995. Water soluble 
pigments containing xylose and glucose in gametangia of the green alga, Bryopsis maxima. 
Plant and Cell Physiology 36, 109-113. 
30 
 
Morita R, Sato Y, Masuda Y, Nishimura M, Kusaba M. 2009. Defect in non-yellow coloring 3, an 
a/b hydrolase-fold family protein, causes a stay-green phenotype during leaf senescence in rice. 
The Plant Journal 59, 940-952. 
Moser S, Müller T, Ebert MO, Jockusch S, Turro NJ, Kräutler B. 2008a. Blue luminescence of 
ripening bananas. Angewandte Chemie International Edition 47, 8954-8957. 
Moser S, Müller T, Holzinger A, Lutz C, Jockusch S, Turro NJ, Kräutler B. 2009a. Fluorescent 
chlorophyll catabolites in bananas light up blue halos of cell death. Proceedings of the National 
Academy of Sciences, USA 106, 15538-15543. 
Moser S, Müller T, Holzinger A, Lutz C, Kräutler B. 2012. Structures of chlorophyll catabolites in 
bananas (Musa acuminata) reveal a split path of chlorophyll breakdown in a ripening fruit. 
Chemistry - A European Journal 18, 10873-10885. 
Moser S, Müller T, Oberhuber M, Kräutler B. 2009b. Chlorophyll catabolites - Chemical and 
structural footprints of a fascinating biological phenomenon. European Journal of Organic 
Chemistry 2009, 21-31. 
Moser S, Ulrich M, Müller T, Kräutler B. 2008b. A yellow chlorophyll catabolite is a pigment of the 
fall colours. Phytochemistry & Phytobiological Sciences 7, 1577-1581. 
Mühlecker W, Kräutler B. 1996. Breakdown of chlorophyll: constitution of nonfluorescing 
chlorophyll-catabolites from senescent cotyledons of the dicot rape. Plant Physiology and 
Biochemistry 34, 61-75. 
Mühlecker W, Kräutler B, Ginsburg S, Matile P. 1993. Breakdown of chlorophyll: A tetrapyrrolic 
chlorophyll catabolite from senescent rape leaves. Helvetica Chimica Acta 76, 2976-2980. 
Mühlecker W, Kräutler B, Moser D, Matile P, Hörtensteiner S. 2000. Breakdown of chlorophyll: a 
fluorescent chlorophyll catabolite from sweet pepper (Capsicum annuum). Helvetica Chimica 
Acta 83, 278-286. 
Mühlecker W, Ongania K-H, Kräutler B, Matile P, Hörtensteiner S. 1997. Tracking down 
chlorophyll breakdown in plants: elucidation of the constitution of a 'fluorescent' chlorophyll 
catabolite. Angewandte Chemie International Edition in English 36, 401-404. 
Müller T, Moser S, Ongania K-H, Pružinská A, Hörtensteiner S, Kräutler B. 2006. A divergent 
path of chlorophyll breakdown in the model plant Arabidopsis thaliana. ChemBioChem 7, 40-
42. 
Müller T, Rafelsberger M, Vergeiner C, Kräutler B. 2011. A dioxobilane as product of a divergent 
path of chlorophyll breakdown in Norway maple. Angewandte Chemie International Edition 50, 
10724-10727. 
Müller T, Ulrich M, Ongania KH, Kräutler B. 2007. Colorless tetrapyrrolic chlorophyll catabolites 
found in ripening fruit are effective antioxidants. Angewandte Chemie International Edition 46, 
8699-8702. 
31 
 
Müller T, Vergeiner S, Kräutler B. 2014. Structure elucidation of chlorophyll catabolites 
(phyllobilins) by ESI-mass spectrometry - Pseudo-molecular ions and fragmentation analysis of 
a nonfluorescent chlorophyll catabolite (NCC). International Journal of Mass Spectrometry 365-
366, 48-55. 
Munné-Bosch S, Alegre L. 2004. Die and let live: leaf senescence contributes to plant survival under 
drought stress. Functional Plant Biology 31, 203-216. 
Mur LAJ, Aubry S, Mondhe M, et al. 2010. Accumulation of chlorophyll catabolites photosensitizes 
the hypersensitive response elicited by Pseudomonas syringae in Arabidopsis. New Phytologist 
188, 161-174. 
Nakajima S, Ito H, Tanaka R, Tanaka A. 2012. Chlorophyll b reductase plays an essential role in 
maturation and storability of Arabidopsis seeds. Plant Physiology 160, 261-273. 
Nakamura H, Kishi Y, Shimomura O, Morse D, Hastings JW. 1989. Structure of dinoflagellate 
luciferin and its enzymatic and nonenzymatic air-oxidation products. Journal of the American 
Chemical Society 111, 7607-7611. 
Nakamura H, Musicki B, Kishi Y, Shimomura O. 1988. Structure of the light emitter in krill 
(Euphausia pacifica) bioluminescence. Journal of the American Chemical Society 110, 2683-
2685. 
Nusinow DA, Helfer A, Hamilton EE, King JJ, Imaizumi T, Schultz TF, Farre EM, Kay SA. 2011. 
The ELF4-ELF3-LUX complex links the circadian clock to diurnal control of hypocotyl growth. 
Nature 475, 398-402. 
Oberhuber M, Berghold J, Breuker K, Hörtensteiner S, Kräutler B. 2003. Breakdown of 
chlorophyll: a nonenzymatic reaction accounts for the formation of the colorless 
"nonfluorescent" chlorophyll catabolites. Proceedings of the National Academy of Sciences, 
USA 100, 6910-6915. 
Oberhuber M, Berghold J, Kräutler B. 2008. Chlorophyll breakdown by a biomimetic route. 
Angewandte Chemie International Edition 47, 3057-3061. 
Oberhuber M, Berghold J, Mühlecker W, Hörtensteiner S, Kräutler B. 2001. Chlorophyll 
breakdown - on a nonfluorescent chlorophyll catabolite from spinach. Helvetica Chimica Acta 
84, 2615-2627. 
Oda-Yamamizo C, Mitsuda N, Sakamoto S, Ogawa D, Ohme-Takagi M, Ohmiya A. 2016. The 
NAC transcription factor ANAC046 is a positive regulator of chlorophyll degradation and 
senescence in Arabidopsis leaves. Scientific Reports 6, 23609. 
Oh E, Zhu JY, Wang ZY. 2012. Interaction between BZR1 and PIF4 integrates brassinosteroid and 
environmental responses. Nature Cell Biology 14, 802-809. 
32 
 
Oshio Y, Hase E. 1969. Studies on red pigments excreted by cells of Chlorella protothecoides during 
the process of bleaching induced by glucose or acetate. I. Chemical properties of the red 
pigments. Plant and Cell Physiology 10, 41-49. 
Park S-Y, Yu J-W, Park J-S, et al. 2007. The senescence-induced staygreen protein regulates 
chlorophyll degradation. The Plant Cell 19, 1649-1664. 
Peoples MB, Dalling MJ. 1988. The interplay between proteolysis and amino acid metabolism during 
senescence and nitrogen allocation. In: Noodén LD, Leopold AC, eds. Senescence and Aging in 
Plants. San Diego, USA: Academic Press, 181-217. 
Pružinská A, Anders I, Aubry S, Schenk N, Tapernoux-Lüthi E, Müller T, Kräutler B, 
Hörtensteiner S. 2007. In vivo participation of red chlorophyll catabolite reductase in 
chlorophyll breakdown. The Plant Cell 19, 369-387. 
Pružinská A, Anders I, Tanner G, Roca M, Hörtensteiner S. 2003. Chlorophyll breakdown: 
pheophorbide a oxygenase is a Rieske-type iron-sulfur protein, encoded by the accelerated cell 
death 1 gene. Proceedings of the National Academy of Sciences, USA 100, 15259-15264. 
Pružinská A, Tanner G, Aubry S, et al. 2005. Chlorophyll breakdown in senescent Arabidopsis 
leaves: characterization of chlorophyll catabolites and of chlorophyll catabolic enzymes 
involved in the degreening reaction. Plant Physiology 139, 52-63. 
Qi TC, Wang JJ, Huang H, Liu B, Gao H, Liu YL, Song SS, Xie DX. 2015. Regulation of 
jasmonate-induced leaf senescence by antagonism between bHLH subgroup IIIe and IIId factors 
in Arabidopsis. The Plant Cell 27, 1634-1649. 
Qiu K, Li Z, Yang Z, et al. 2015. EIN3 and ORE1 accelerate degreening during ethylene-mediated 
leaf senescence by directly activating chlorophyll catabolic genes in Arabidopsis. PLoS 
Genetics 11, e1005399. 
Raab S, Drechsel G, Zarepour M, Hartung W, Koshiba T, Bittner F, Hoth S. 2009. Identification 
of a novel E3 ubiquitin ligase that is required for suppression of premature senescence in 
Arabidopsis. The Plant Journal 59, 39-51. 
Ren G, An K, Liao Y, Zhou X, Cao Y, Zhao H, Ge X, Kuai B. 2007. Identification of a novel 
chloroplast protein AtNYE1 regulating chlorophyll degradation during leaf senescence in 
Arabidopsis. Plant Physiology 144, 1429-1441. 
Ren GD, Zhou Q, Wu SX, Zhang YF, Zhang LG, Huang JR, Sun ZF, Kuai BK. 2010. Reverse 
genetic identification of CRN1 and its distinctive role in chlorophyll degradation in Arabidopsis. 
Journal of Integrative Plant Biology 52, 496-504. 
Rios JJ, Roca M, Perez-Galvez A. 2014a. Nonfluorescent chlorophyll catabolites in loquat fruits 
(Eriobotrya japonica Lindl.). Journal of Agricultural and Food Chemistry 62, 10576-10584. 
Rios JJ, Perez-Galvez A, Roca M. 2014b. Non-fluorescent chlorophyll catabolites in quince fruits. 
Food Research International 65, 255-262. 
33 
 
Rios JJ, Roca M, Perez-Galvez A. 2015. Systematic HPLC/ESI-high resolution-qTOF-MS 
methodology for metabolomic studies in nonfluorescent chlorophyll catabolites pathway. 
Journal of Analytical Methods in Chemistry 2015, 490627. 
Rodoni S, Mühlecker W, Anderl M, Kräutler B, Moser D, Thomas H, Matile P, Hörtensteiner S. 
1997. Chlorophyll breakdown in senescent chloroplasts. Cleavage of pheophorbide a in two 
enzymic steps. Plant Physiology 115, 669-676. 
Roiser MH, Müller T, Kräutler B. 2015. Colorless chlorophyll catabolites in senescent florets of 
broccoli (Brassica oleracea var. italica). Journal of Agricultural and Food Chemistry 63, 1385-
1392. 
Saga Y, Tamiaki H. 2012. Demetalation of chlorophyll pigments. Chemistry & Biodiversity 9, 1659-
1683. 
Sakuraba Y, Han SH, Lee SH, Hörtensteiner S, Paek NC. 2016. Arabidopsis NAC016 promotes 
chlorophyll breakdown by directly upregulating STAYGREEN1 transcription. Plant Cell Reports 
35, 155-166. 
Sakuraba Y, Jeong J, Kang MY, Kim J, Paek NC, Choi G. 2014a. Phytochrome-interacting 
transcription factors PIF4 and PIF5 induce leaf senescence in Arabidopsis. Nature 
Communications 5, doi: 10.1038/ncomms5636. 
Sakuraba Y, Kim D, Kim YS, Hörtensteiner S, Paek NC. 2014b. Arabidopsis STAYGREEN-LIKE 
(SGRL) promotes abiotic stress-induced leaf yellowing during vegetative growth. FEBS Letters 
588, 3830-3837. 
Sakuraba Y, Park SY, Kim YS, Wang SH, Yoo SC, Hörtensteiner S, Paek NC. 2014c. Arabidopsis 
STAY-GREEN2 is a negative regulator of chlorophyll degradation during leaf senescence. 
Molecular Plant 7, 1288-1302. 
Sakuraba Y, Schelbert S, Park S-Y, Han S-H, Lee B-D, Besagni Andrès C, Kessler F, 
Hörtensteiner S, Paek N-C. 2012. STAY-GREEN and chlorophyll catabolic enzymes interact 
at light-harvesting complex II for chlorophyll detoxification during leaf senescence in 
Arabidopsis. The Plant Cell 24, 507-518. 
Sato Y, Moria R, Katsuma S, Nishimura M, Tanaka A, Kusaba M. 2009. Two short-chain 
dehydrogenase/reductases, NON-YELLOW COLORING 1 and NYC1-LIKE, are required for 
chlorophyll b and light-harvesting complex II degradation during senescence in rice. The Plant 
Journal 57, 120-131. 
Sato Y, Morita R, Nishimura M, Yamaguchi H, Kusaba M. 2007. Mendel's green cotyledon gene 
encodes a positive regulator of the chlorophyll-degrading pathway. Proceedings of the National 
Academy of Sciences, USA 104, 14169-14174. 
34 
 
Schelbert S, Aubry S, Burla B, Agne B, Kessler F, Krupinska K, Hörtensteiner S. 2009. 
Pheophytin pheophorbide hydrolase (pheophytinase) is involved in chlorophyll breakdown 
during leaf senescence in Arabidopsis. The Plant Cell 21, 767-785. 
Schenk N, Schelbert S, Kanwischer M, Goldschmidt EE, Dörmann P, Hörtensteiner S. 2007. The 
chlorophyllases AtCLH1 and AtCLH2 are not essential for senescence-related chlorophyll 
breakdown in Arabidopsis thaliana. FEBS Letters 581, 5517-5525. 
Scherl M, Müller T, Kräutler B. 2012. Chlorophyll catabolites in senescent leaves of the lime tree 
(Tilia cordata). Chemistry & Biodiversity 9, 2605-2617. 
Scherl M, Müller T, Kreutz CR, Huber RG, Zass E, Liedl KR, Kräutler B. 2016. Chlorophyll 
catabolites in fall leaves of the wych elm tree present a novel glyosylation motif. Chemistry - A 
European Journal 22, 9498-9503. 
Schommer C, Palatnik JF, Aggarwal P, Chetelat A, Cubas P, Farmer EE, Nath U, Weigel D. 2008. 
Control of jasmonate biosynthesis and senescence by miR319 targets. PLoS Biology 6, 1991-
2001. 
Schuler MA, Duan H, Bilgin M, Ali S. 2006. Arabidopsis cytochrome P450s through the looking 
glass: a window on plant biochemistry. Phytochemistry Reviews 5, 205-237. 
Shan XY, Wang JX, Chua LL, Jiang DA, Peng W, Xie DX. 2011. The role of Arabidopsis Rubisco 
activase in jasmonate-induced leaf senescence. Plant Physiology 155, 751-764. 
Shimoda Y, Ito H, Tanaka A. 2012. Conversion of chlorophyll b to chlorophyll a precedes 
magnesium dechelation for protection against necrosis in Arabidopsis. The Plant Journal 72, 
501-511. 
Shimoda Y, Ito H, Tanaka A. 2016. Arabidopsis STAY-GREEN, Mendel's green cotyledon gene, 
encodes magnesium-dechelatase. The Plant Cell 28, 2147-2160. 
Shin J, Kim K, Kang H, Zulfugarov IS, Bae G, Lee CH, Lee D, Choi G. 2009. Phytochromes 
promote seedling light responses by inhibiting four negatively-acting phytochrome-interacting 
factors. Proceedings of the National Academy of Sciences, USA 106, 7660-7665. 
Shioi Y, Sasa T. 1986. Purification of solubilized chlorophyllase from Chlorella protothecoides. 
Methods in Enzymology 123, 421-427. 
Shioi Y, Watanabe K, Takamiya K. 1996. Enzymatic conversion of pheophorbide a to a precursor of 
pyropheophorbide a in leaves of Chenopodium album. Plant and Cell Physiology 37, 1143-1149. 
Song Y, Yang CW, Gao S, Zhang W, Li L, Kuai BK. 2014. Age-triggered and dark-induced leaf 
senescence require the bHLH transcription factors PIF3, 4, and 5. Molecular Plant 7, 1776-1787. 
Sugishima M, Kitamori Y, Noguchi M, Kohchi T, Fukuyama K. 2009. Crystal structure of red 
chlorophyll catabolite reductase: enlargement of the ferredoxin-dependent bilin reductase family. 
Journal of Molecular Biology 389, 376-387. 
35 
 
Sugishima M, Okamoto Y, Noguchi M, Kohchi T, Tamiaki H, Fukuyama K. 2010. Crystal 
structures of the substrate-bound forms of red chlorophyll catabolite reductase: implications for 
site-specific and stereospecific reaction. Journal of Molecular Biology 402, 879-891. 
Süssenbacher I, Christ B, Hörtensteiner S, Kräutler B. 2014. Hydroxymethylated phyllobilins: A 
puzzling new feature of the dioxobilin branch of chlorophyll breakdown. Chemistry - A 
European Journal 20, 87-92. 
Süssenbacher I, Christ B, Hörtensteiner S, Kräutler B. 2015. Hydroxymethylated phyllobilins in 
senescent Arabidopsis thaliana leaves - sign of a puzzling intermezzo of chlorophyll breakdown. 
Chemistry - A European Journal 21, 11664-11670. 
Suzuki T, Shioi Y. 2002. Re-examination of Mg-dechelation reaction in the degradation of 
chlorophylls using chlorophyllin a as substrate. Photosynthesis Research 74, 217-223. 
Suzuki Y, Amano T, Shioi Y. 2006. Characterization and cloning of the chlorophyll-degrading 
enzyme pheophorbidase from cotyledons of radish. Plant Physiology 140, 716-725. 
Suzuki Y, Shioi Y. 1999. Detection of chlorophyll breakdown products in the senescent leaves of 
higher plants. Plant and Cell Physiology 40, 909-915. 
Suzuki Y, Tanabe K, Shioi Y. 1999. Determination of chemical oxidation products of chlorophyll and 
porphyrin by high-performance liquid chromatography. Journal of Chromatography A 839, 85-
91. 
Takamiya K, Tsuchiya T, Ohta H. 2000. Degradation pathway(s) of chlorophyll: what has gene 
cloning revealed? Trends in Plant Science 5, 426-431. 
Takasaki H, Maruyama K, Takahashi F, Fujita M, Yoshida T, Nakashima K, Myouga F, Toyooka 
K, Yamaguchi-Shinozaki K, Shinozaki K. 2015. SNAC-As, stress-responsive NAC 
transcription factors, mediate ABA-inducible leaf senescence. The Plant Journal 84, 1114-1123. 
Tanaka R, Hirashima M, Satoh S, Tanaka A. 2003. The Arabidopsis-accelerated cell death gene 
ACD1 is involved in oxygenation of pheophorbide a: inhibition of pheophorbide a oxygenase 
activity does not lead to the "stay-green" phenotype in Arabidopsis. Plant and Cell Physiology 
44, 1266-1274. 
Tanaka R, Kobayashi K, Masuda T. 2011. Tetrapyrrole metabolism in Arabidopsis thaliana. The 
Arabidopsis Book 9, e0145. 
Tanaka R, Tanaka A. 2011. Chlorophyll cycle regulates the construction and destruction of the light-
harvesting complexes. Biochimica et Biophysica Acta 1807, 968-976. 
Taylor L, Nunes-Nesi A, Parsley K, Leiss A, Leach G, Coates S, Wingler A, Fernie AR, Hibberd 
JM. 2010. Cytosolic pyruvate,orthophosphate dikinase functions in nitrogen remobilization 
during leaf senescence and limits individual seed growth and nitrogen content. The Plant 
Journal 62, 641-652. 
36 
 
Thomas H, Huang L, Young M, Ougham H. 2009. Evolution of plant senescence. BMC 
Evolutionary Biology 9, 163. 
Tommasini R, Vogt E, Fromenteau M, Hörtensteiner S, Matile P, Amrhein N, Martinoia E. 1998. 
An ABC transporter of Arabidopsis thaliana has both glutathione-conjugate and chlorophyll 
catabolite transport activity. The Plant Journal 13, 773-780. 
Topalov G, Kishi Y. 2001. Chlorophyll catabolism leading to the skeleton of dinoflagellate and krill 
luciferins: Hypothesis and model studies. Angewandte Chemie International Edition 40, 3892-
3894. 
Tsuchisaka A, Yu GX, Jin HL, Alonso JM, Ecker JR, Zhang XM, Gao S, Theologis A. 2009. A 
combinatorial interplay among the 1-aminocyclopropane-1-carboxylate isoforms regulates 
ethylene biosynthesis in Arabidopsis thaliana. Genetics 183, 979-1003. 
Tsuchiya T, Ohta H, Okawa K, Iwamatsu A, Shimada H, Masuda T, Takamiya K. 1999. Cloning 
of chlorophyllase, the key enzyme in chlorophyll degradation: finding of a lipase motif and the 
induction by methyl jasmonate. Proceedings of the National Academy of Sciences, USA 96, 
15362-15367. 
Tu SL, Gunn A, Toney MD, Britt RD, Lagarias JC. 2004. Biliverdin reduction by cyanobacterial 
phycocyanobilin : ferredoxin oxidoreductase (PcyA) proceeds via linear tetrapyrrole radical 
intermediates. Journal of the American Chemical Society 126, 8682-8693. 
Tuba Z, Lichtenthaler HK, Csintalan Z, Nagy Z, Szente K. 1996. Loss of chlorophylls, cessation of 
photosynthetic CO2 assimilation and respiration in the poikilochlorophyllous plant Xerophyta 
scabrida during desiccation. Physiologia Plantarum 96, 383-388. 
Ueda J, Kato J. 1980. Isolation and identification of a senescence-promoting substance from 
wormwood (Artemisia absinthium L.). Plant Physiology 66, 246-249. 
Ulrich M, Moser S, Müller T, Kräutler B. 2011. How the colourless 'nonfluorescent' chlorophyll 
catabolites rust. Chemistry - A European Journal 17, 2330-2334. 
Unno M, Matsui T, Ikeda-Saito M. 2007. Structure and catalytic mechanism of heme oxygenase. 
Natural Product Reports 24, 553-570. 
Vergara-Dominguez H, Rios JJ, Gandul-Rojas B, Roca M. 2016. Chlorophyll catabolism in olive 
fruits (var. Arbequina and Hojiblanca) during maturation. Food Chemistry 212, 604-611. 
Vergeiner C, Ulrich M, Li CJ, Liu XJ, Müller T, Kräutler B. 2015. Stereo- and regioselective 
phyllobilane oxidation in leaf homogenates of the peace lily (Spathiphyllum wallisii): 
hypothetical endogenous path to yellow chlorophyll catabolites. Chemistry - A European 
Journal 21, 136-149. 
Vicentini F, Iten F, Matile P. 1995. Development of an assay for Mg-dechelatase of oilseed rape 
cotyledons, using chlorophyllin as the substrate. Physiologia Plantarum 94, 57-63. 
37 
 
vom Dorp K, Hölzl G, Plohmann C, Eisenhut M, Abraham M, Weber APM, Hanson AD, 
Dörmann P. 2015. Remobilization of phytol from chlorophyll degradation is essential for 
tocopherol synthesis and growth of Arabidopsis. The Plant Cell 27, 2846-2859. 
Wang YQ, Yang Y, Fei ZJ, Yuan H, Fish T, Thannhauser TW, Mazourek M, Kochian LV, Wang 
XW, Li L. 2013. Proteomic analysis of chromoplasts from six crop species reveals insights into 
chromoplast function and development. Journal of Experimental Botany 64, 949-961. 
Willstätter R, Stoll A. 1913. Die Wirkungen der Chlorophyllase. In: Willstätter R, Stoll A, eds. 
Untersuchungen über Chlorophyll. Berlin: Verlag Julius Springer, 172-187. 
Wu S, Li Z, Yang L, et al. 2016. NON-YELLOWING2 (NYE2), a close paralog of NYE1, plays a 
positive role in chlorophyll degradation in Arabidopsis. Molecular Plant 9, 624-627. 
Wüthrich KL, Bovet L, Hunziker PE, Donnison IS, Hörtensteiner S. 2000. Molecular cloning, 
functional expression and characterisation of RCC reductase involved in chlorophyll catabolism. 
The Plant Journal 21, 189-198. 
Xodo LE, Rapozzi V, Zacchigna M, Drioli S, Zorzet S. 2012. The chlorophyll catabolite 
pheophorbide a as a photosensitizer for the photodynamic therapy. Current Medicinal Chemistry 
19, 799-807. 
Yan YX, Christensen S, Isakeit T, Engelberth J, Meeley R, Hayward A, Emery RJN, Kolomiets 
MV. 2012. Disruption of OPR7 and OPR8 reveals the versatile functions of jasmonic acid in 
maize development and defense. The Plant Cell 24, 1420-1436. 
Yang JD, Worley E, Udvardi M. 2014. A NAP-AAO3 regulatory module promotes chlorophyll 
degradation via ABA biosynthesis in Arabidopsis leaves. The Plant Cell 26, 4862-4874. 
Yang Y, Xu R, Ma CJ, Vlot AC, Klessig DF, Pichersky E. 2008. Inactive methyl indole-3-acetic acid 
ester can be hydrolyzed and activated by several esterases belonging to the AtMES esterase 
family of Arabidopsis. Plant Physiology 147, 1034-1045. 
Ye Y, Zhou L, Liu X, Liu H, Li D, Cao M, Chen H, Xu L, Zhu JK, Zhao Y. 2017. A novel 
chemical inhibitor of ABA signaling targets all ABA receptors. Plant Physiology 173, 2356-
2369. 
Yin XR, Xie XL, Xia XJ, Yu JQ, Ferguson IB, Giovannoni JJ, Chen KS. 2016. Involvement of an 
ethylene response factor in chlorophyll degradation during citrus fruit degreening. The Plant 
Journal 86, 403-412. 
Zacarias L, Reid MS. 1990. Role of growth-regulators in the senescence of Arabidopsis thaliana 
leaves. Physiologia Plantarum 80, 549-554. 
Zhang J, Yu G, Wen W, Ma X, Xu B, Huang B. 2016. Functional characterization and hormonal 
regulation of the PHEOPHYTINASE gene LpPPH controlling leaf senescence in perennial 
ryegrass. Journal of Experimental Botany 67, 935-945. 
38 
 
Zhang KW, Gan SS. 2012. An abscisic acid-AtNAP transcription factor-SAG113 protein phosphatase 
2C regulatory chain for controlling dehydration in senescing Arabidopsis leaves. Plant 
Physiology 158, 961-969. 
Zhang W, Liu TQ, Ren GD, Hörtensteiner S, Zhou YM, Cahoon EB, Zhang CY. 2014. 
Chlorophyll degradation: the tocopherol biosynthesis related phytol hydrolase in Arabidopsis 
seeds is still missing. Plant Physiology 166, 70-79. 
Zhang YQ, Liu ZJ, Chen YD, He JX, Bi YR. 2015. PHYTOCHROME-INTERACTING FACTOR 5 
(PIF5) positively regulates dark-induced senescence and chlorophyll degradation in Arabidopsis. 
Plant Science 237, 57-68. 
Zhao Y, Chan ZL, Gao JH, et al. 2016. ABA receptor PYL9 promotes drought resistance and leaf 
senescence. Proceedings of the National Academy of Sciences, USA 113, 1949-1954. 
Zhou X, Liao Y, Ren GD, Zhang YY, Chen WJ, Kuai BK. 2007. Repression of AtCLH1 expression 
results in a decrease in the ratio of chlorophyll a/b but does not affect the rate of chlorophyll 
degradation during leaf senescence. Journal of Plant Physiology and Molecular Biology 33, 
596-606. 
Zhu XY, Chen JY, Xie ZK, Gao J, Ren GD, Gao S, Zhou X, Kuai BK. 2015. Jasmonic acid 
promotes degreening via MYC2/3/4-and ANAC019/055/072-mediated regulation of major 
chlorophyll catabolic genes. The Plant Journal 84, 597-610. 
 
 
 
39 
 
Table 1. Nonfluorescent phyllobilins identified to date. 
Classifying 
Name
a
 
m/z 
[M+H]
+
 
Formula (M) Side chain modifications
b
 Members of phyllobilin class Reference
c
 
 
calculated 
 
R
1
 (C3
2
) R
2
 (O8
4
) R
3
 (C18) 
R
4
 
(C2/C4) 
R
5
 
(C12
3
)   
DNCC_602 603.2813 C
33
H
38
N
4
O
7
 H H vinyl H H At-DNCC-45
i
, At-DNCC-48
i
 [1] 
DNCC_616 617.2970 C
34
H
40
N
4
O
7
 H CH
3
 vinyl H H At-mes16-DNCC-47 [2] 
DNCC_618 619.2762 C
33
H
38
N
4
O
8
 OH H vinyl H H At-DNCC-1, At-DNCC-33; Bo-DNCC [1,3,4] 
DNCC_632-1 633.2919 C
34
H
40
N
4
O
8
 H H vinyl C4-HM H At-4HM-DNCC-41 [1] 
DNCC_632-2 633.2919 C
34
H
40
N
4
O
8
 H H vinyl C2-HM H At-2HM-iso-DNCC-42 [1] 
DNCC_632-3 633.2919 C
34
H
40
N
4
O
8
 OH CH
3
 vinyl H H 
At-mes16-DNCC-38, Hvir-UNCC, Pa-DNCC-
53, Pp-UNCC, Vv-UNCC 
[2,5-7,31] 
DNCC_646-1 647.3075 C
35
H
42
N
4
O
8
 H CH
3
 vinyl C4-HM H At-mes16-9HM-DNCC-44 [2] 
DNCC_646-2 647.3075 C
35
H
42
N
4
O
8
 H CH
3
 vinyl C2-HM H At-mes16-7HM-iso-DNCC-46 [2] 
DNCC_650
d
 651.3030 C
34
H
42
N
4
O
9
 H CH
3
 
DHethyl 
H H - [8] 
DNCC_666 667.2979 C
34
H
42
N
4
O
10
 OH CH
3
 DHethyl H H Ap-DNCC
j
, Hv-UCC
k
, Co-NDCC-2 [9,10,27] 
DNCC_780 781.3291 C
39
H
48
N
4
O
13
 OGlc H vinyl H H - [11] 
DNCC_794 795.3447 C
40
H
50
N
4
O
13
 OGlc CH
3
 vinyl H H - [11] 
DNCC_828
d
 829.3507 C
40
H
52
N
4
O
15
 OGlc CH
3
 
DHethyl 
H H Co-NDCC-1 [27] 
DNCC_880
e
 881.3457 C
43
H
52
N
4
O
16
 OGlcMal CH
3
 vinyl H H - [8] 
NCC_614 615.2813 C
34
H
38
N
4
O
7
 H H vinyl H H At-NCC-5, Bn-NCC-4, Bo-NCC-2, Oe-NCC-4 
[4,12, 
13,32] 
NCC_628 629.2970 C
35
H
40
N
4
O
7
 H CH
3
 vinyl H H 
Cj-NCC-2, Md-NCC-58, Oe-NCC-3, Pa-NCC-
58, Pd-NCC-71, So-NCC-5 
[14-16, 
31,32] 
NCC_630
f
 631.2762 C
34
H
38
N
4
O
8
 OH H vinyl H H 
At-NCC-2, Bn-NCC-3, Ej-NCC-3, Mc-NCC-49, 
Oe-NCC-1, So-NCC-3 
[12,16-
19,32] 
NCC_644 645.2919 C
35
H
40
N
4
O
8
 OH CH
3
 vinyl H H 
Cj-NCC-1, Ej-NCC-4, Mc-NCC-61, Md-NCC-2, 
Md-NCC-49 epimer, Md-NCC-50, Oe-NCC-2, 
Pa-NCC-49, Pa-NCC-50, Pc-NCC-2, Pd-NCC-
60, So-NCC-4, Sw-NCC-58 
[14,16,18-
22,31,32] 
NCC_662
d
 663.3030 C
35
H
42
N
4
O
9
 H CH
3
 DHethyl H H - [8] 
NCC_664 665.2823 C
34
H
40
N
4
O
10
 OH H DHethyl H H Mc-NCC-26, So-NCC-1 [16,18] 
NCC_678 679.2979 C
35
H
42
N
4
O
10
 OH CH
3
 DHethyl 
H 
H 
Hv-NCC-1, Ej-NCC-1, Mc-NCC-42, Md-NCC-
35, Pa-NCC-35, Pd-NCC-40, So-NCC-2 
[14,18,19, 
23,24,31] 
NCC_716 717.2772 C
37
H
40
N
4
O
11
 OMal H 
vinyl H 
H Bn-NCC-1 [25] 
NCC_730 731.2928 C
38
H
42
N
4
O
11
 OMal 
CH
3
 vinyl H 
H Ej-NCC-2 [19] 
NCC_788 789.3347 C
41
H
48
N
4
O
12
 OGlc
h
 
CH
3
 vinyl H 
H
i
 Ug-NCC-53 [26] 
NCC_792 793.3291 C
40
H
48
N
4
O
13
 OGlc H vinyl H H At-NCC-1, Bn-NCC-2, Bo-NCC-1  [4,12,17] 
NCC_806 807.3447 C
41
H
50
N
4
O
13
 OGlc CH
3
 vinyl H H 
At-NCC-4, Mc-NCC-59, Md-NCC-1, Md-NCC-
47, Nr-NCC-2, Pa-NCC-47, Pc-NCC-1, Pd-
NCC-56, Tc-NCC-2, Ug-NCC-43, Zm-NCC-2 
[12,14,18, 
21,26, 
28-31] 
NCC_826 827.3351 C
40
H
50
N
4
O
15
 OGlc H DHethyl H H Co-NCC-2 [27] 
NCC_830 831.3089 C
42
H
46
N
4
O
14
 OH 
CH
3
 vinyl H 
daucyl Mc-NCC-55
k
, Mc-NCC-58
k
 [18] 
NCC_840 841.3507 C
41
H
52
N
4
O
15
 OGlc CH
3
 DHethyl H H 
Co-NCC-1, Md-NCC-31, Pa-NCC-31, Pa-
NCC-33, Pd-NCC-35, Tc-NCC-1, Ug-NCC-27, 
Zm-NCC-1 
[14,26,27, 
29-31] 
NCC_892 893.3457 C
44
H
52
N
4
O
16
 OGlcMal CH
3
 
vinyl H 
H Nr-NCC-1 [28] 
NCC_926
g
 927.3511 C
44
H
54
N
4
O
18
 OGlcMal CH
3
 DHethyl 
H 
H 
- [8] 
NCC_1002 1003.404 C
47
H
62
N
4
O
20
 OGlc CH
3
 OH-OGlc H H Md-NCC-29, Pa-NCC-29, Pd-NCC-32 [14,31] 
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a
classifying nomenclature for phyllobilins as proposed by Christ at al. (2016). Note that this classification ignores isomeric properties of respective 
phyllobilin members. 
b
positions of modifications as depicted in Figure 1; DHethyl, -CH(OH)-CH
2
OH; HM, -CH
2
OH; Glc, glucosyl; Mal, malonyl; OH-OGlc, -
CH(OH)-CH
2
OGlc; 
c
references: [1] Süssenbacher et al. 2015, [2] Süssenbacher et al. 2014, [3] Christ et al. 2013, [4] Roiser et al. 2015, [5] Djapic & Pavlovic 
2008, [6] Djapic et al. 2009a, [7] Djapic et al. 2009b, [8] Das & Hörtensteiner, unpublished, [9] Losey & Engel 2001, [10] Müller et al. 2011, [11] Christ et 
al. 2016, [12] Pruzinska et al. 2005, [13] Kräutler & Hörtensteiner 2014, [14] Erhart et al. 2016, [15] Oberhuber et al. 2003, [16] Berghold et al. 2002, [17] 
Mühlecker et al. 1996, [18] Moser et al. 2012, [19] Rios et al. 2014a, [20] Curty and Engel 1996, [21] Müller et al. 2007, [22] Vergeiner et al. 2015, [23] 
Kräutler et al. 1991, [24] Oberhuber et al. 2001, [25] Mühlecker et al. 1993, [26] Scherl et al. 2016, [27] Rios et al. 2014b, [28] Berghold et al. 2004, [29] 
Berghold et al. 2006, [30] Scherl et al. 2012, [31] Mittelberger et al. 2017, [32] Vergara-Dominguez et al. 2016;
 d
catabolite identified in barley; 
e
catabolite 
identified in Lolium perenne;
 f
NCC_630 also for At-NCC-3, but there OH is at C2 instead of C3
2 
(Müller et al. 2006); 
g
catabolite identified in barley, wheat 
(Triticum aestivum) and Sorghum bicolor; 
h
a glucose moiety intramolecularly connects C3
2
 and C12
3
;
 i
potential C4 diastereomers; 
j
C10 epimers;
 k
two C4 
diastereomers of Hv-UCC were identified. 
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Figure legends 
 
Figure 1. The PAO/phyllobilin pathway of chlorophyll breakdown in leaves. (A) Reactions of 
the first part of the pathway from chlorophyll to hydroxy-pFCC that take place inside the 
chloroplast. (B) pFCC/hydroxy-pFCC-modifying reactions of the second part of the pathway 
that take place outside the chloroplast and lead to the diversity of phyllobilins. For porphyrins 
and phyllobilins, respectively, pyrrole rings (A-D) and relevant atoms are shown in 
chlorophyll and pFCC, respectively. R1 to R5 indicate side chain modifications according to 
Table 1. See the text for abbreviations of enzyme names. Note, that MES16 and CYP89A9 
are specific Arabidopsis enzymes, while all other enzymes are known from different plant 
species. Also note, that R4 in DFCCs and DNCCs can alternatively be positioned at C2 (see 
also Table 1). DFCCs, dioxobilin-type fluorescent chlorophyll catabolites; DNCCs, 
dioxobilin-type nonfluorescent chlorophyll catabolites; FCCs, formyloxobilin-type 
fluorescent chlorophyll catabolites; NCCs, formyloxobilin-type nonfluorescent chlorophyll 
catabolites; pFCC, primary fluorescent chlorophyll catabolite, RCC, red chlorophyll 
catabolite. 
 
Figure 2. The up-to-date regulatory network of chlorophyll (Chl) breakdown. (A) Regulatory 
pathways of Chl catabolic genes (CCGs) by light and respective hormones. Arrows and lines 
ending in bars indicate promotions and suppressions, respectively; Solid lines represent solid 
evidence while a dotted line indicates indirect evidence. (B) Diagrams showing the known 
promoters, as well as a repressor in two cases, of individual CCGs. See the text for 
abbreviations and additional details. 

  
 
 
